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Abstract

Developmental APD remains poorly characterised with no ‘gold-standard’ diagnostic
tools or clear intervention plans. The thesis’ objectives were to study specific higher-
level cognitive auditory processing aspects recently associated with developmental
APD, and to develop new clinically applicable diagnostic tests that may be used
to assess APD.

Objectives were addressed in a series of experiments using two paradigms
measuring speech perception in a wide range of speech and nonspeech distractors:
(1) Switching task (ST): which is the main focus of the thesis, is a novel paradigm
that is based on the ability to switch attention and integrate short-term auditory
information of interrupted target and distractor signals alternated between the
ears in a dichotic configuration, with only one stimulus present in each ear at
any given time, (2) LiSNS-UK: an independent UK version of the established
Listening in Spatialised Noise-Sentences type task (LiSN-S; Cameron & Dillon,
2007a) which is based on spatial release from masking through symmetrically-placed
interfering maskers. Testing included young normal hearing adults and two groups
of children aged 7 to 13 years, one group diagnosed with APD, and the other
typically developing controls (TD).

To ensure high accuracy and reproducibility of the task’s measure, intelligibility
of the speech material was first matched in a norming study across children. Two
additional adult studies investigated potentially critical factors that influence ST
performance, examining the e�ect of distractor types (speech vs. nonspeech),
the extent to which listeners obtained information from both ears as opposed to
attending one ear only (binaural advantage), and the influence of speech material
structure and complexity on performance. Outcomes served as foundations for
the final study comparing performance of APD and TD children. Additional
measures of potentially relevant skills such as high-frequency audiometric thresholds,
attention, and language skills were included and correlations with performance
in the auditory tasks were examined.

Group comparison of age-corrected scores revealed poorer performance in the
APD group, especially for more challenging conditions with speech distractors



(ST) or when localisation cues were missing (LiSNS-UK, collocated target-maskers
configuration). The results correlated with several measures, e.g., language and
communication skills. Nonetheless, as seen in other studies with a clinical popula-
tion, heterogeneity in the APD group and the small sample-size made general
conclusions di�cult.

The newly developed tasks seem to have real clinical potential, separating
reasonably well between children with and without APD. Norm values for the LiSNS-
UK were established and the task can be readily used, whereas further evaluation and
validation studies are yet needed to determine the sensitivity of the switching task.



Impact statement

Failing to understand people around you, like a teacher in a noisy classroom, can
have severe implications for a child’s education. There is currently much interest
in the notion of Auditory Processing Disorder (APD) in children, which may be
able to explain such di�culties. One important reason for such interest is due to
suspicions that APD may lead to language and learning di�culties. However, APD
is poorly characterised with no ‘gold-standard’ diagnostic tools or clear intervention
plans. This thesis contributes to the challenging endeavour of better understanding
the underlying causes of APD.

Throughout the project I was in direct contact with APD specialists at Great
Ormond Street Hospital (GOSH) and University College London Hospital (UCLH)
to ensure that the investigated tasks have a high clinical applicability and potential
for direct benefit to the patients. Through various meetings discussing the mea-
sures, study design and recruitment criteria, as well as sitting in on sessions and
experiencing the clinical routine of the assessment process, I was able to better
understand both the clinicians and patients’ needs and use this knowledge in the
development of the tasks. The tasks are designed for use by children and adults
alike, with simple instructions and a short execution time, thereby making them
suitable as diagnostic tools assessing APD in the clinic. We also confirmed that
an automatic testing method that reduced the influence of language skills may be
more suitable for testing children and non-native speakers.

Better diagnoses can improve the management and intervention plans of children
suspected of having APD, and therefore has the potential to significantly improve
their educational attainment. As well as this, a more sensitive diagnosis of APD
will also lead to improvements in the quality of life for children diagnosed with
APD as they move into adulthood.

The public awareness of APD was improved through various activities, including:
participation in professional conferences; taking part in open days targeted at both
professionals and the general public, where listening demonstrations of the new
tests and a leaflet about APD were provided; engagement with participating schools
that allowed teachers and parents from the local authorities to learn more about
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APD; hosting a visit from the charitable foundations showcasing the outcomes
of this thesis; and through promoting the study to encourage further support
for future projects on APD.

New auditory listening tasks that measure speech perception in noise or with
competing talkers were developed, where each task taps into a specific aspect of
auditory processing which may be related to APD. These were designed to be
more realistic, involving challenging listening situations where sounds appear from
di�erent locations in space using virtualisation techniques, or alternating between
the two ears rapidly. The APD children displayed a wide range of auditory, language,
and communication skills deficits, with a unique set of deficits for each child. This
speaks against a “one-size-fits-all” approach. Instead, a more holistic notion of
diagnosis seems appropriate, where various aspects of hearing and hearing related
skills are assessed to better understand why di�erent groups of listeners experience
listening di�culties in challenging noisy situations.
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1.1. Children and speech in noise

Being able to understand people around you is undoubtedly an important ability for

all walks of life. Failing to do so can have severe implications, especially at a young

age when learning is at its peak. Some children appear to have, or report having,

exceptional di�culty in understanding speech in the presence of other sounds,

particularly in a noisy classroom. This group of children perform normally when

tested with a standard hearing test, indicating they do not have a typical hearing

impairment, and may be classified as having auditory processing disorder (APD).

Children suspected of having APD often complain of di�culties in understanding

speech in noise, yet their di�culties cannot be explained by their peripheral hearing.

APD used to be attributed to deficits in the way our ear processes sounds. Today

however, there is a growing notion that APD arises from a deficit in the way our

brain processes complex sounds.

There is currently much interest in APD in children, not least because of

suspicions that APD may lead to learning di�culties for language and reading

and consequently lead to poor school performance. Unfortunately, APD remains

poorly characterised with no ‘gold-standard’ diagnostic tools or clear intervention

plans. The aim of the present thesis is to develop and investigate the utility of a

novel and clinically applicable listening paradigm that would seem to be related to

other listening di�culties recently associated with APD and thus may be useful

in assessing APD. A better understanding of the nature of APD, as well as the

development of more sensitive diagnostic tools, could have a great impact on the

clinical practice and ultimately have a positive impact on APD children’s academic

achievements and their quality of life into adulthood.

1.1 Children and speech in noise

Children are an interesting population to study as they are known to be more

susceptible to noise than adults and often struggle to understand speech in di�cult
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1. Introduction

listening conditions. Studies comparing speech perception performance of children

and adults indicates an age-related developmental e�ect on children’s performance

(e.g., see review by Leibold, 2017). For instance, some studies reported that children

have higher thresholds for speech presented in quiet when compared with adults

(Elliott et al., 1979). Similarly, children’s performance for degraded speech or speech

in noise estimated with di�erent speech material (e.g., consonants, spondee words,

monosyllabic words or sentence) has been reported to be poorer than in adults (e.g.,

Hall et al., 2002; Leibold et al., 2016). Interestingly, while children’s performance

for more simple maskers, like the noise of a kettle boiling or a fan, has been

shown to be adult-like by the age of 10, the maturation e�ect for more ‘interesting’

maskers, like other speech, has been shown to be slower and remains immature for

some adolescents even by the age of 16 years old (cf. Leibold et al., 2016). While

the exact reasons for the reduced performance in children is not entirely clear,

several non-peripheral/central factors have been suggested to contribute to this

age e�ect, such as limited language experience or limited phonological awareness

(Hnath-Chisolm et al., 1998), as well as memory, attention or motivation (e.g.,

Wightman & Allen, 1992). Others suggest the contribution of peripheral factors

arising from children’s reduced performance in various auditory processing abilities

such as binaural detection and spectro-temporal processing (e.g., Hall et al., 2002;

Wightman & Allen, 1992).

1.2 Distinction between Bottom-up & Top-down
Auditory Processing

Understanding speech, especially in adverse listening conditions, where the target

sound is degraded and/or mixed with other competing sounds is a highly complex

task that involves several stages throughout the auditory system. First, the

mixed acoustic signal is propagated into the listener’s ear. Then, the peripheral

auditory system (middle- and inner-ear) encodes basic acoustic features of the signal,

concerning its spectral, temporal, and intensity properties, into neural excitation
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patterns along the auditory nerve fibres. This step is often referred to as ‘bottom-up’

(or data driven) processing. These patterns are then transported up to the central

auditory pathways (from brainstem, through the thalamus, up to the auditory

cortex) (Bellis, 1996). Nevertheless, simple encoding of the acoustic signal is not

enough in order to yield perception, especially in di�cult listening conditions where

the listener is required to actively detect the target sound, attend to it, separate

it from other competing sounds and “filter” them out from the mixed signal. All

these processes are thought to be enabled due to ‘top-down’ (or knowledge driven),

central auditory and cognitive processes (Leibold, 2017; Moore, 2012).

Animal studies in primates and imaging studies in humans support the notion

of a hierarchical organisation of networks that processes auditory stimuli within the

auditory system (Davis et al., 2011; Zekveld et al., 2006). Neuronal activation at the

primary auditory cortex1 is linked with the processing of specific acoustic features

of an auditory signal and are known to retain the basilar membrane tonotopic

organisation (Bellis, 1996; Plack, 2014). The cortical network areas beyond the

auditory cortex, at the frontal and the temporal lobes, like the superior temporal

gyrus (STG) and the anterior superior temporal sulcus (STS), were found active

during speech perception (Davis et al., 2011; Scott & McGettigan, 2013; Zekveld

et al., 2006). Amongst others, these areas modulate cortical processing with higher-

level cognitive components of auditory perception, enabling identification into

objects, phonemes, and words, etc. (Davis et al., 2011; Moore et al., 2013; Plack,

2014; Scott & McGettigan, 2013). Nevertheless, the exact contribution of these

areas when listening to speech is not entirely understood. The pre-frontal cortex is

responsible for executing higher-level processing like awareness and expectations

(Bellis, 1996; Scott & McGettigan, 2013). These are then passed through the

hippocampus (located at the frontal lobe lower surface), which leads to associations

between the incoming signal and pre-existing representations that are stored in
1The primary auditory cortex is located at the upper surface of the temporal lobe in the

concealed crease in the cerebral cortex (i.e., Sylvian fissure).
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the long-term memory (Bellis, 1996). Frontal lobe regions like the inferior frontal

gyrus (IFG) and Broca’s area were shown to be involved in top-down processing of

complex auditory stimuli (e.g., Doeller et al., 2003; Heim et al., 2003; Mamashli

et al., 2017; Zekveld et al., 2006). Broca’s area was found to be more active when

speech intelligibility decreases and is thought to facilitate top-down processing like

verbal working memory (Wilson, 2001; Zekveld et al., 2006).

Perception of a sound source in a complex and challenging ‘cocktail-party’

situation (Cherry, 1953), where several auditory sources are mixed together, requires

processing of the acoustic information within the central auditory system. These

include auditory mechanisms that are, among others, responsible for discrimination,

pattern recognition, temporal integration and segregation of auditory streams, and

localisation (Bergman, 1990; Bronkhorst, 2015; Yost et al., 2008). The relative

contribution of these bottom-up and top-down processes is believed to be modulated

by the demands of the auditory scene and the type of target interference(s) (Leibold,

2017; Moore, 2012). A more complete account of target interference is given in

Chapter 2.

1.3 Auditory Processing Disorder (APD) – cur-
rent research and clinical practice

Apart from age-related causes, there are diverse clinical populations that display

speech perception di�culties, especially in challenging listening situations, wherein

perhaps the most obvious group is listeners with sensorineural hearing loss (Moore,

2007a). One such group, which is also the main focus of this thesis, is children with

suspected auditory processing disorder (APD). There is now a growing notion that

APD arises from an interaction between both low-level and higher-level processes

that takes place beyond the cochlea. This idea is in agreement with studies reporting

weak correlations of non-speech auditory tests with speech-in-noise tasks, cognitive
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skills and caregiver questionnaires (Moore et al., 2013). For example, Cameron

and Dillon (2008) showed that there is little to no relationship between simple

measures of auditory processing abilities and more complex listening situations,

which suggests a more complex picture of auditory processing in adverse listening

situations.

Despite the increasing research interest, APD remains poorly characterised and

much disputed, with no unitary agreement on the diagnostic signs of APD, how

it should be assessed, and how it should be best managed (Moore et al., 2013;

Moore, 2018). To boot, it may not even be a distinct disorder, as it shares many

behavioural characteristics with other developmental disorders such as attention,

working memory and Developmental Language Disorder (DLD) (Dawes & Bishop,

2009; Miller & Wagsta�, 2011). These issues were reflected in a study by Wilson

and Arnott (2013), where they found that the rate of APD diagnosis of 150

normal hearing children (age range: 7 to 15 years) could vary widely from 7.3%

to 96% depending on the set of diagnostic criteria they used. Thus, diagnosing

APD is challenging, largely because of similarity and co-occurrence with other

neurodevelopmental disorders concerning learning, language or attention (BSA,

2018; Rosen et al., 2010). Such a cognitive impairment on its own may lead to

failures on many commonly used APD assessment tools (Miller & Wagsta�, 2011).

Due to the lack of a clear definition and standardisation of diagnostic criteria of

APD, the exact number of APD cases in the population is not certain, with an

estimated prevalence that ranges between 1% to 20%. A UK-based study by Hind

et al. (2011) estimated the prevalence of APD within the general population to be

between 0.5 ≠ 1%. A more recent study by Brewer et al. (2016) has argued that

given the higher prevalence of other developmental disorders and the di�culties in

estimating the prevalence of APD, a more feasible rate would be approximately 10%.

Another more quantitative retrospective study in the US reported a considerably

higher prevalence of 19.4% (Nagao et al., 2016).
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1.3.1 Characteristics of APD

Children assessed with developmental APD have listening deficits that cannot

be explained by their peripheral hearing, measured by their pure-tone hearing

sensitivity, and predominantly express di�culties in understanding speech in noisy

environments. Auditory processing deficit is characterised by deficient perception

of speech and nonspeech sounds. The latest position statement of the British

Society of Audiology (BSA) states that APD arises from deficits in neuronal

perceptual processing by the central auditory nervous system (CANS) (BSA, 2018).

This includes both ascending auditory pathways, from the cochlear nerve up to

the auditory cortex, and descending pathways, alongside higher-level neuronal

processing systems (e.g., vision or cognitive functions such as language, attention,

executive function, and memory) that gives top-down regulatory support for the

auditory pathways.

The BSA (BSA, 2018) proposed a classification of APD into three categories:

1) Acquired APD: is linked with degenerative processes of ageing, or an external

traumatic event (e.g., brain lesion in auditory-related regions); 2) Secondary APD: is

associated with temporary or permanent peripheral hearing loss; 3) Developmental

APD: is believed to originate in childhood, similarly to Dyslexia, Autism Spectrum

Disorder (ASD), Attention Deficit Hyperactivity Disorder (ADHD) and DLD. In this

case, children present with listening di�culties, yet have normal hearing sensitivity

for pure-tone audiogram. With no measurable peripheral hearing deficit, it may

therefore arise from top-down cognitive deficits (BSA, 2018). Developmental APD

may persist into adulthood (BSA, 2018). Consequently, children are of key interest

since their deficit may cause a lasting negative impact on their academic performance

and social development into their adulthood. Therefore, this group of children are

the focus of the current work. For simplicity however, throughout the work the

term ’developmental APD’ will be interchangeably used with APD.
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For several years now APD has been included in the US International Classifi-

cation of Diseases list published by the International Statistical Classification of

Diseases and Related Health Problems - Clinical Modification (ICD-10-CM, 2021)

under the diagnostic code H93.25, termed as central auditory processing disorder,

CAPD2.

1.3.2 Assessment of APD

Due to the lack of understanding of APD and how it should be defined, there

are no standardised guidelines for referral, assessment or diagnosis of APD. Some

of the most common clinical representations of children suspected of APD are

related to listening di�culties in noisy environments (e.g., a classroom), mishearing

auditory information, failing to follow conversations (poor listening skills and/or

auditory attention), poor ability to follow instructions (auditory memory), as well

as developmental delays in speech production and language skills, and generally

poor academic skills (AAA, 2010; BSA, 2018; Moore et al., 2013). Interestingly,

although most of the di�culties are auditory related, often it is the child’s poor

academic performance at school that motivates parents and teachers to seek a

referral for APD assessment. There is no doubt that early identification and referral

for audiological assessment, and better assessment tools can have a positive impact

on the children’s academic performance and improve their life quality into adulthood.

The referral pathway can vary depending on the child’s di�culties and the

professional’s awareness of APD, from non-audiological professionals such as the

child’s school nurse, or a general practitioner, to a speech and language therapist.

Consequently, the lack of awareness of APD, the wide range of symptoms, and

similarities and co-occurrence with other developmental disorders can result in
2The term ‘CAPD’ or ‘(C)APD’ is used almost interchangeably with the term ‘APD’ in the

literature. The ‘C’ for ‘Central’ in parenthesis signifies that while APD is typically attributed to
deficits within the CANS, it recognises that pathology at an earlier stage at the periphery can
also cause auditory processing deficits (Moore, 2007b).
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misdiagnosed cases. Clinical assessment is in principal carried out either by a

screening (i.e., estimating whether there is an increased risk for APD) or a medical

diagnosis of APD which is performed by the audiologist. For instance, APD

assessment and diagnosis in the UK is currently available only in a small number of

specialist audiology clinics. Most of the tools are based on behavioural measures and

rely on the child to comprehend the task and require various auditory and cognitive

abilities that are known to mature with age. Therefore, in order to reduce variability

in performance most guidelines recommend a minimum age requirement for APD

assessment of Ø 7 years (AAA, 2010; ASHA, 2005; BSA, 2018). Younger children

are assessed using screening tools in a form of questionnaires and behavioural

checklists rather than quantitatively, and should be followed-up regularly until they

reach the minimum age. In their latest position statement, the BSA expressed the

need for newer and simpler screening and diagnostic measures with reduced demand

for language skills which could be used with younger children, as well as adolescents

and adults (BSA, 2018).

The referral requirements for APD assessment are constantly evolving, and may

di�er from one audiology clinic to another, with no uniformly agreed upon set of

criteria. Since most of the children from the APD group who participated in the

present thesis were either directly recruited from Great Ormond Street Hospital

(GOSH) or were diagnosed at GOSH, these criteria will be shortly listed below (for

a more complete overview of the assessment criteria and diagnostic tools used at

GOSH see Bamiou, 2018; GOSH, 2018; Stavrinos et al., 2018):

• Minimum age requirement of Ø 7 years.

• IQ within the normal range.

• Normal audiometric thresholds for standard pure-tone frequencies (0.25-

8 kHz).
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• Significant concerns regarding the child’s listening and/or auditory abilities,

whereby these concerns can comprise one of the following:

a) Mainly auditory concerns without additional diagnosis of other neurode-

velopmental disorder.

b) Primarily auditory, in the presence of another neurodevelopmental disor-

der which is considered as secondary by a professional, e.g., Speech and

Language Therapist (SLT), Educational Psychologist, or a developmental

paediatrician.

c) When there is a significant auditory concern within the diagnosis of

another neurodevelopmental disorder.

Furthermore, in order to rule out the presence of other primary developmen-

tal disorders with similar symptoms, the parents are requested to provide the

following prior to their assessment: previous professional reports (e.g., SLT and

Educational Psychologist report) and to complete a locally compiled case-history

questionnaire, as well as an established parental and teacher self-report questionnaire

concerning the child’s listening skills. The local questionnaire includes information

concerning family history of hearing and listening problems and developmental

disorders, child history of ear problems [e.g., otitis media with e�usion (OME), and

pressure-equalisation tubes (PET)], pregnancy-related questions (e.g., complications,

prematurity, etc.), any diagnoses or concerns regarding the child’s speech, language,

educational and/or cognitive skills, speech and language therapy, medication taken,

and musical training.

There are several parental/teacher questionnaires assessing listening and commu-

nication skills. The most recent and well-validated questionnaire is the Evaluation of

Children’s Listening and Processing Skills (ECLiPS) (Barry & Moore, 2014). Other

available questionnaires includes Fisher’s Auditory Problems Checklist (Fisher,

1985) and the Children’s Auditory Performance Scale (CHAPS, Smoski et al.,
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1998). However these are not well validated (BSA, 2018). Another well-validated

questionnaire that assesses language and communication skills is The Children’s

Communication Checklist 2nd edition (CCC-2, Bishop, 2003) which was shown to

highly correlate with the ECLiPS (Barry & Moore, 2014). Both the ECLiPS and the

CCC-2 were used in the present thesis and are described in more detail in Chapter 4.

The day of assessment begins with a case-history review of the child’s medical

history, any former professional reports, as well as a review of the remaining

provided documents as listed above. This is important in order to have a good

understanding of the child’s di�culties and their impact on the child’s education

and social interactions. To date, there are no explicit guidelines and there is no

uniformity in the way the case history investigation is carried out.

In order to rule out a hearing impairment or other ear pathology, a baseline

auditory evaluation is carried out, including comprehensive pure-tone audiometry,

word discrimination in quiet, as well as objective evaluation of the middle ear

function using tympanometry, of the inner ear using otoacoustic emissions (OAEs),

and central nervous system pathology using acoustic reflexes and/or auditory

brainstem response (ABR) (BSA, 2018). Next a battery of behavioural tests which

assess various central auditory processing is used. One such test battery is the

SCAN-C or the newer version SCAN-3:C, which is commonly used in both the

US and the UK (Dawes & Bishop, 2007; Keith, 2009). These include nonverbal

tasks assessing temporal and spectral processing, e.g., labelling tasks for duration

or frequency patterns (e.g., Musiek et al., 1994), discrimination of gaps-in-noise

(GIN, Musiek et al., 2005), and/or binaural processing for tones assessed using a

masking level di�erence (MLD) task (e.g., Wilson et al., 2003). Tasks that use

speech material includes dichotic listening tasks [e.g., dichotic digit test, DTT;

Musiek (1983)], speech perception of monosyllabic words [e.g., Words-in-Noise test,

WIN; Wilson and Burks (2005)], or sentences in multi-talker babble noise such as

the Bamford-Kowal–Bench Speech in Noise test (BKB-SIN, Niquette et al., 2003),

as well as spatial listening for speech-on-speech (Cameron & Dillon, 2007a).
11
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During the last decade there have been increased calls for the need for better

diagnostic tools that are well validated, with age-appropriate norms, and with better

‘sensitivity’, ‘specificity’ and ‘reliability’ (AAA, 2010; BSA, 2018; Moore et al., 2013).

Furthermore, many position statements call for better practice when conducting

research or when diagnosing a child in the clinic, calling for the use of the same

criteria. This is because the use of di�erent diagnostic criteria can influence the

outcomes and their interpretations. Consequently, the lack of uniformity across the

APD field may stand in the way of new advancements in understanding APD and

makes comparisons between research studies and generalisation di�cult. Therefore,

in their recent guidelines, both the BSA and the American Academy of Audiology

(AAA) recommends that the diagnosis of a child with APD by the clinician should

be based on well validated tests with normative scores and should follow the test

cut-o� criterion (AAA, 2010; BSA, 2018). As seen for the diagnostic procedure,

there is no universally agreed upon assessment criteria. The most commonly used

criterion is a performance Æ 2 SD from the norms mean for at least one ear on at

least two di�erent behavioural central auditory tests (AAA, 2010; ASHA, 2005), or

performance Æ 3 SD from the mean in one test (Tomlin et al., 2015). However,

there is no strong scientific evidence for this arbitrary criterion and it has been a

source of dispute (BSA, 2018; Moore et al., 2013). Recently, with the increased use

of the LiSN-S (Cameron & Dillon, 2007a), some have proposed the diagnosis of

a subtype of APD, labelled as spatial processing disorder (SPD), in case a child

displays a specific pattern of abnormal performance in the task (i.e., performance

Æ 2 SD from the norms mean on the ‘spatial advantage’, and ‘high-cue advantage’,

or the ‘total advantage’) (cf. Stavrinos et al., 2018). For a more detailed description

of the task see Section 1.4.

1.3.3 APD management and intervention strategies

Given the potentially negative impact of APD on speech comprehension, social

communication, and overall academic achievements, and given that brain plasticity

12



1. Introduction

(as in neurochemical, physiological and structural brain changes) is higher at a

younger age (Bellis, 1996; Cardon et al., 2012; Johnson et al., 2008; Sanes & Woolley,

2011), an early assessment and intervention of APD is highly important and can have

a positive impact on the individuals’ daily function and their future prospectives

(AAA, 2010; Bamiou et al., 2006; Campbell, 2011). A good management plan

should incorporate a multidisciplinary approach, taking into consideration other

co-existing non-auditory disorder(s), or di�culties such as language, attention and

memory skills (AAA, 2010; Bamiou et al., 2006; Campbell, 2011). The management

plan should be therefore designed around the child’s presenting complaint(s), and

based on the specific di�culties that the child presents during the clinical assessment.

The management strategies can be classified into three key groups: (1) en-

vironmental listening modifications, (2) auditory training, and (3) compensatory

strategies (BSA, 2018; Campbell et al., 2012; Campbell, 2011). These strategies

can be categorised into bottom-up and top-down approaches (AAA, 2010; Bamiou

et al., 2006; Sharma et al., 2012). Bottom-up approaches encompass strategies that

improve the quality of the auditory signal and includes simple auditory training

strategies, as well as environmental listening modifications strategies, whereas top-

down approaches focuses on the improvement of language, cognitive and learning

skills and are addressed using auditory training strategies (e.g., Bamiou et al., 2006;

Sharma et al., 2012). Next, each of these three strategies will be shortly described.

1. Environmental listening modifications:

• Room acoustics: Improving the signal-to-noise-ratio (SNR) and reducing

reverberations through acoustic treatments e.g., using absorbent materials or

partitions screens. In addition, the direct acoustic input of the child can be

improved by preferential seating in front of the teacher and/or away from a

noise source or a reflective surface. These should be made to specifications of

the classroom and style of teaching (Campbell, 2011).
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• Teacher & speaker adaptations: comprehension and attention can be

improved by providing the teacher with a few simple strategies, such as

ensuring a direct visual contact with the pupil, speaking clearly, slowly,

with more frequent pauses and use of emphasis, and regular checks on

comprehension, as well as providing visual/written supportive information

(BSA, 2018; Campbell, 2011).

• Assistive technology: refers to wireless devices that receive distant auditory

input, and may increase the signal’s gain or improve the SNR, and which

transmit the manipulated signal in real-time with minimal delay to a receiver

at the other end. These devices can be either personal (often called ‘FM

systems’), whereby the child is receiving the signal directly into the ear

using a personal device, or non-personal (often referred to as ‘soundfield

systems’), whereby the signal is transmitted through loud speakers which

are placed around the classroom (Bamiou et al., 2006; Rosenberg, 2002;

Vickers et al., 2013). A decision on the appropriate system should be made

based on the child’s specific needs, his/her age, the style of teaching, and the

classroom specifications. In the recent years these technologies have become

less expensive and more accessible, wherein many mid-range smartphones

enable the use of wireless headphones in a similar way and include simple

omnidirectional microphones and noise reduction algorithms.

2. Auditory training: utilises the brain’s neuroplacticity and involves auditory

and higher-level cognitive training (e.g., attention, language and working

memory) in order to improve the auditory system performance in processing

acoustic stimuli. Numerous formal and informal training programs have been

developed throughout the years, focusing on di�erent auditory, cognitive or

language related skills. Covering these is far beyond the scope of this thesis,

therefore, for a more complete overview see for example Bamiou et al. (2006)

or AAA (2010).
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3. Compensatory strategies: aims to strengthen the ability to use auditory

information by improving the individuals’ listening, working memory, and

linguistic skills (Bamiou et al., 2006; BSA, 2018; Campbell, 2011):

• Improving listening skills: raising the child’s awareness that listening is

an active process, involving self-regulation and monitoring, whereas hearing

is a passive process (Bamiou et al., 2006; Campbell, 2011; Truesdale, 1990).

Including, among others, teaching the child what makes a good listener,

the advantages of being a good listener, the consequences of not listening,

evaluating one’s own listening behaviour, and practical application of listening

strategies (cf. Campbell, 2011).

• Improving auditory attention: employing auditory vigilance training, for

example by asking the child to listen out for a target stimulus presented at

random (e.g., a target word or sound in a story read to the child) (Bamiou

et al., 2006; Chermak & Musiek, 2002).

• Improving auditory working memory: by identifying and enhancing

specific areas that are impaired, like following instructions, memorising

important information or principles (e.g., alphabetical order, days of the

week, months of the year, home address, or telephone numbers) (Bamiou

et al., 2006; Campbell, 2011).

• Metacognitive strategies: can be used to improve various skills, like (a)

spoken language comprehension: using training for self-regulation, problem-

solving, and memory strategies (e.g., ‘chunking’, use of acronyms or analogies,

imagery representations, and verbal rehearsal (Bamiou et al., 2006; Campbell,

2011); (b) linguistic skills: by providing training in rules of language such as tag

words (before, after, first), using adversative terms (but, however, although),

and/or interpretation of a message based on its context (cf. Bamiou et al.,

2006; Campbell, 2011); (c) academic modifications: e.g., by providing explicit

instructions and repeated practice; (d) other non-specific cognitive strategies:
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including teaching organisations skills (e.g., note-taking), repetitions, using

metamemory strategies like ‘chunking’, ‘mindmapping’, or ‘mnemonics’, using

rhymes, phrases, or images to facilitate memorisation of facts or a large

amount of information (Bamiou et al., 2006; Campbell, 2011). It is believed

that once such strategies are taught, they may be used to resolve di�culties

in di�erent communication scenarios (Chermak & Musiek, 2002).

There is a large volume of evidence supporting the e�ectiveness of di�erent

‘environmental listening modifications’ (e.g., Sharma et al., 2012). However, there

are far fewer studies that conducted a well-structured rigorous evaluation of ‘auditory

training’ approaches (formal or informal ones), and their findings regarding their

e�ectiveness are mixed (BSA, 2018). Similarly, while ‘compensatory strategies’

are commonly recommended, their e�ectiveness, thus far, has not been thoroughly

validated (BSA, 2018). In their latest position statement, the BSA have expressed

the need for further research on intervention strategies, their e�ectiveness and

transferability into real world listening situations (BSA, 2018).

1.3.4 Controversies in APD research

Although research e�orts are growing worldwide, APD is yet poorly characterised

and much disputed (Moore et al., 2013). APD children are very heterogeneous

and present as complex cases with varying di�culties and comorbidities (Dawes

& Bishop, 2009; de Wit et al., 2018). Therefore it is not surprising that there

is a lack of consensus on what APD is, with some researchers suggesting it may

not even be a distinct disorder (Miller & Wagsta�, 2011). APD symptoms often

correspond with behaviours and symptoms of other neurodevelopmental disorders,

such as DLD, Dyslexia, ADHD and ASD (Dawes & Bishop, 2009; Rosen et al., 2010).

For example, inspection of medical notes in a small cohort of children diagnosed

with APD (n = 32) have shown that 25% of the children were diagnosed with

Dyslexia, 13% had coexisting language deficits, and 9% had either ADHD or ASD
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(Dawes & Bishop, 2008). Therefore, it is possible that a diagnosis of APD can

also be due to manifestations of other neurodevelopmental deficits, such as the

ones mentioned above. This has been a source of debate for many years – while in

the early days of APD research many believed that APD arises from a unimodal

auditory-specific disorder that is associated with a bottom-up deficit of the way

the cochlea processes complex sounds, there is now a growing notion that APD

arises from an interaction between both bottom-up and top-down processes that

take place beyond the cochlea, and includes the involvement of other cognitive

processes such as language or attention (Cacace & McFarland, 2005; Moore et al.,

2010; Moore et al., 2013). This active debate has led to some positive changes in

the field, resulting in an increased recognition that diagnosis of APD can also be

related to manifestations of other neurological problems. Consequently, this gave

rise to the acknowledgement for the need to distinguish and exclude the involvement

of supramodel elements such as language skills and attention and the importance of

a multidisciplinary approach in APD assessment and diagnosis (AAA, 2010; BSA,

2011, 2018).

Due to the lack of a clear definition of APD, there is no agreement on a

‘gold standard’ of diagnostic tests. Consequently, this has led to a wide verity of

tests assessing di�erent functions. Many of these tests are not well normed, are

not methodologically evaluated for diagnostic use across children diagnosed with

developmental APD, with no provided information regarding the test ‘sensitivity’,

‘specificity’ and ‘validity’ (AAA, 2010; BSA, 2018; Moore et al., 2013). A decade

ago, there was an increased concern regarding the potential confounding influence

of language deficits on performance in speech-based auditory processing measures.

This is because the use of speech-based tests may further intensify the di�culties

in identifying the core cause of deficit in APD children, as it is often reported to

coexist with other developmental disorders (Dawes & Bishop, 2009; de Wit et al.,

2016; Miller & Wagsta�, 2011). A study by Loo et al. (2013), showed that language

background can significantly impact speech perception in di�erent speech-based
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tasks in children for whom English was not their first language, whereas no similar

e�ect was found for non-speech tasks. Therefore, this suggests that many current

APD measures that are speech based involve other cognitive abilities aside from the

specific auditory processes of interest, and may therefore be inadequate in assessing

APD. This debate has led to the call for minimising the influence of language and

for the development of new nonspeech tasks that assesses more central deficits

(Moore, 2006).

There are no guidelines or agreement on what tests should be included as part

of an APD test battery. This is a direct consequence of the disagreement on APD

definition and has been a key source of dispute in the field. APD guidelines often

call to compose a selection of tests that will result in abnormal performance in two

or more tests (AAA, 2010; BSA, 2018). In practice however, there is no uniformly

accepted test battery. Each clinician adopts their own battery, with di�erent sets

of measures varying from one clinician to the other, or from one country to the

other, depending on what tests are locally available or widely used. The lack of

standardisation of an APD test battery is in fact at the centre of the APD controversy

as this can lead to large variations in diagnostic rates as shown by Wilson and

Arnott (2013) and can ultimately result in a large proportion of misdiagnosed or

over-diagnosed cases. Since there are no clear guidelines for the number of tests

that should be used, this raises a statistical concern since the more tests are used,

the higher the probability for a child to meet this criterion. Another problem is

that there are no exact specifications for the tests that should be included, therefore

it is conceivable that the sensitivity and specificity rates will largely vary across tests.

Furthermore, Dillon et al. (2012) have argued that even in the unlikely event

that an agreement on a standardised test battery could have been reached, issues

concerning the diagnostic criteria would be far from being solved. This is mainly

because thus far children suspected of having APD display abnormalities in a

wide range of auditory processing abilities rather than in a single one. In an
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attempt to resolve these issues, Dillon et al. (2012) suggested a ‘hierarchical

approach’ for APD assessment, whereby they postulate that the focus should

be on identifying individuals who display unusual di�culty in understanding speech

in a more ecologically valid di�cult listening situations, and following that to apply

di�erential tests in a structured and results-driven way in order to determine the

exact extent of the di�culty presented by the individual. This avoids the core

controversial issue of the need to define what APD may or may not be.

Recent position statements have postulated that APD arises from deficiencies

in the CANS, resulting in abnormal performance for simple auditory tasks (e.g.,

binaural or temporal processing), as well as deficits in more complex listening

tasks that involves speech-on-speech (AAA, 2010; BSA, 2018; Moore et al., 2013).

However, there is a growing number of studies that report little to no evidence for

correlations between simpler nonspeech measures of auditory processing abilities

and measures of more complex listening situations that involve speech-on-speech,

cognitive skills (e.g., attention and working memory), language skills, and parental

evaluation of the child’s listening and communication skills (Cameron & Dillon,

2008; Graydon et al., 2017; Moore et al., 2010; Moore et al., 2013). This suggests

that performance in simple auditory processing measures is not a good indicator for

the child’s primary complaints which mostly concern di�culties in understanding

speech (cf. Moore et al., 2013). One such test which may be a better predictor of the

child’s clinical presentation is the LiSN-S (Cameron & Dillon, 2007a). The LiSN-S

may be considered more ecologically valid and seems to tap into more top-down

processes beyond the periphery. However, as in many other APD measures, the test

material is speech-based, and as such it is highly reliant on language knowledge as

well as other higher-level cognitive processing.
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1.3.5 Need for more research on APD

There is still much to be investigated about what causes APD in children, and

how this deficit can be e�ciently assessed and e�ectively treated. Recent position

statements from various groups have expressed the grave need for:

• Better and more specific diagnostic tools that are relevant to the clinical

presentation of APD children, that are well normed, and meet the requirements

of medical diagnostic tools, such as high sensitivity and specificity and that

are well validated across the clinical group (AAA, 2010; ASHA, 2005; BSA,

2018; CASLPA, 2012; Moore et al., 2013).

• These tests should be suitable for children in a wide range of ages (AAA,

2010; BSA, 2018).

• Better research with stricter and more unified recruitment criteria in order

to enable a better comparison between findings across studies and to reduce

misinterpretations (de Wit et al., 2016).

Therefore, better understanding the underlying mechanisms, be they binaural

processing or more cognitive aspects involved in tasks like the LiSN-S can help us

advance our understanding of APD and could improve APD diagnosis.

Currently, no standardised UK version of the LiSN-S is available for British

English speakers and therefore clinicians in the UK that want to use the test are

forced to use other test versions such as the Australian (Cameron & Dillon, 2007a)

or the North American (NA) English version (Cameron et al., 2009). The use of

these test versions with a population group di�erent to that than was originally

evaluated for presents the risk of introducing an estimation error, resulting in

higher fail rate. The possible negative e�ect of semantic content and accent on

speech perception of non-native listeners is well documented. For example, Dawes

and Bishop (2007) showed that a group of British children performed significantly
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poorer when presented with the NA version of the SCAN-C test battery (Keith,

2000) than compared with the NA tests norms. Using error analysis, the authors

concluded that factors such as ‘accent’ and ‘word familiarity’ may have contributed

to the poorer scores among the group of British children. Interestingly however,

their performance was particularly a�ected for two subtests that involve perception

of monaurally presented monosyllabic words that are either low-pass filtered or

presented with a multi-talker speech. On the other hand, they showed no deficit for

the two dichotic subtests that involve perception of competing words or sentences

(Dawes & Bishop, 2007). These findings suggest that the e�ect of word familiarity

and accent may have less of an impact on binaural listening (like in the latter two

subtests), and therefore may not have much of an impact on the children’s SRM in

the LiSN-S.

In fact, this conjecture was confirmed in a recent prospective study which

compared the performance of 46 typically developing British children to the NA

LiSN-S norms (Murphy et al., 2019). Murphy et al. (2019) found no significant

di�erence between the group of British children and the NA norms for all the test

conditions, bar the total advantage measure, where the British children displayed

a significantly poorer score. It was, suggested to apply a correction factor for the

children’s total advantage score in the future. Nevertheless, currently there is no

agreement on which test version should be used when testing British children, and

it is possible that di�erent clinicians use di�erent test versions, making comparisons

between the children di�cult. Although the children’s SRM does not seem to be

a�ected, this was so far only examined for the NA version, and while unlikely, it is

yet possible that this won’t hold true for other test versions. Therefore, there is no

doubt that the development of a local UK version of the test would be a welcome

addition for the British APD research and clinical work.
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1.4 Aspects of spatial processing abilities related
to APD

Spatial separation between the target and competing sounds can influence the

e�ectiveness of the interfering sounds, resulting in improved intelligibility, or spatial

release from masking (SRM) of up to 20 dB for symmetrically placed interferers

(Best et al., 2011; Freyman et al., 1999). In recent years there has been an increased

interest in APD research in this listening task which involves spatial binaural stream

segregation through spatial separation between the target speech and symmetrically-

placed interfering maskers. This is because of findings that about 20% of the children

that were referred for APD assessment have been shown to benefit significantly less

from SRM advantage than can be expected and so can be considered as a subgroup

of APD, labelled as having ‘Spatial Processing Disorder’ (SPD, Cameron et al., 2012;

Dillon et al., 2012). This claim arises from the well established diagnostic tool, the

Listening in Spatialised Noise-Sentences test (LiSN-S, Cameron & Dillon, 2007a).

This test is an adaptive speech-on-speech listening paradigm that assesses the ability

to use spatial separation to improve performance and is measured as the di�erence

in speech perception of a target talker when it is collocated or separated from two

symmetrically placed speech distractors. Apart from manipulations to the spatial

location of the stimuli (collocated vs. separated), the vocal quality of the distractors

is manipulated by using the same or di�erent speakers to the target speaker, thus

resulting in four di�erent test conditions. Derived measures are then used as a way

to tease apart the involvement of talker (‘talker advantage’) and spatial (‘spatial

advantage’) cues, or when both cues are combined (‘total advantage’). The amount

of spatial advantage or SRM in the task was shown to amount to about 13 dB

across primary-school-aged children (Cameron et al., 2011). A more detailed review

of the task is given in Chapter 4.

SRM is thought to be modulated by both bottom-up processes, as in the analysis

of monaural better-ear e�ects that give rise to signal-to-noise (SNR) advantages due
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to the acoustic head-shadowing e�ect, and top-down processes, which are attributed

to binaural processing of interaural time di�erences (ITDs) that aid in grouping

and stream segregation (Arbogast et al., 2002; Best et al., 2011; Freyman et al.,

1999). Age was shown in several studies to be a good predictor of SRM, with

significantly larger SRM for younger adults than older adults (Gallun et al., 2013;

Srinivasan et al., 2016), as well as in children who were shown to attain smaller

SRM than adults (Leibold et al., 2019). Furthermore, several studies that used

di�erent versions of the LiSN-S reported a significant developmental e�ect across

children, with an increase in SRM of between circa 1 dB to 2 dB in children aged

between 7 to 11 years (Cameron & Dillon, 2007a, 2008; Graydon et al., 2017).

Understanding the exact mechanisms involved in the task is important as it can

help us understand the causes of the lack of SRM advantage, and to develop more

sensitive diagnostic tools in the future. If bottom-up processes are indeed the key

mechanisms that are responsible for this SRM benefit in the task, then there is

no good reason to believe that young adults or children with normal hearing and

no known peripheral hearing pathology will exhibit poor SRM. Moreover, recent

studies found no relationship between the LiSN-S and more simple measures of

binaural temporal sensitivity (i.e., MLD) which uses simple tones as opposed to

speech-on-speech stimuli (Cameron & Dillon, 2008; Graydon et al., 2017). These

measures di�er in their complexity, demanding di�erent levels of processing: the

LiSN-S is thought to demand higher-level of processing of grouping and streaming at

the cortex, whereas an MLD task is thought to rely more on lower-level processing

at the brainstem.

Therefore, this deficit does not appear to be underpinned by these lower-level

mechanisms. This idea is supported by a study by Brungart and Iyer (2012),

which suggests that the benefit in spatial separation can be ascribed to higher-level

cognitive processes, and may not be directly accredited to spatial processing at all.

In their study they demonstrated that improved perception of the target signal was
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due to the listener’s ability to make use of short-term glimpses that vary rapidly

across frequencies and switches quickly across the two ears (so called ‘better-ear

glimpses’). This idea that higher-level cognitive processes, such as sustained and

selective attention, are important for integration of auditory information across

ears and frequency regions is of particular interest for this thesis. This is because

attention and temporal auditory processing deficits have been previously linked to

APD in children (Sharma et al., 2009; Tomlin et al., 2015). The objective of this

thesis is to develop and evaluate the utility of a novel listening task (the ‘switching

task’, ST) that is believed to tap into similar attentional aspects that may be

involved in the LiSN-S and may be useful in improving the understanding and

assessment of APD in children. The task will be briefly described in the next section.

1.5 Switching task (ST) and binaural listening

“Human behaviour is highly adaptive and flexible in response to changing environ-

mental demands” (Kiesel et al., 2010). This flexible response necessitates complex

cognitive and attentional control processes, enabling both reactive and proactive

responses in order to successfully perform a task (Kiesel et al., 2010). For more than

three decades task switching has been extensively used as an experimental paradigm

to better understand the underlying mechanisms of cognitive control in the fields

of cognitive psychology, experimental psychology, and cognitive neuroscience (see

reviews by Kiesel et al., 2010; Koch & Brass, 2013; Koch et al., 2010). The core

principal of the task switching experiment is that the subjects are instructed to

perform a specific task in every trial: some trials demand the change in task (‘switch’

trials), whereas others do not and the task is unchanged (‘maintain’ trials). This

measures the participant’s active control of switching of selective attention (Kiesel

et al., 2010). There are various versions of the task switching experiment across

di�erent modalities (e.g., visual and/or auditory) and fields of research. Nevertheless,

the so-called ‘switch cost’ is typically estimated by comparing performance in the
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switch trials with that of the maintain trials, where both error rate and reaction

time (RT) are measured (Kiesel et al., 2010; Koch et al., 2010).

Examples for auditory studies include, amongst others, the study of selective

auditory attention of tone sequences (Nolden & Koch, 2017), speech syllables

(Dhamani et al., 2013), letters (Larson & Lee, 2013), or single words (Koch et al.,

2011), or selective auditory spatial attention of letters (Larson & Lee, 2014), single

words (Oberem et al., 2017), or matrix sentences (Lin & Carlile, 2015; Meister

et al., 2020; Singh et al., 2008, 2013). Two of such tasks that explore active control

of switching of auditory selective attention are now discussed.

The first was developed by Iring Koch and her colleagues (Koch et al., 2011)

and has since been modified in various ways (e.g., Lawo & Koch, 2014; Lawo et al.,

2012). In the task, two stimuli (single digits from 1 to 9, excluding 5) are presented

in synchrony dichotically via headphones. The participant’s task is to perform a

magnitude judgement of the target stimuli (cued in various ways to be the ear or

sex of the talker), determining whether the spoken digit is smaller/larger than 5,

by pressing the left or the right key, respectively. Switch cost is then estimated

by manipulating di�erent parameters such as the talkers’ sex, the voice of the two

stimuli, or their location (e.g., left vs. right ear), the visual cue which informs

about the target stimulus, or the duration between the visual cue and the auditory

stimuli (e.g., short vs. long). Another example is the listening task proposed by

Larson and Lee (2013), where they used two simultaneous streams consisting of a

sequence of spoken letters presented diotically via headphones. The task instruction

was to press a button once the second letter (“E”) was heard in the target stream.

Prior to the presentation of the streams, an auditory cue is presented (the letters

‘AA’, processed in the same way as the target stream) to inform about the target

stream. At the same time, a visual cue is given, indicating whether the participant

should maintain or switch his/her attention. The relation between switch cost

25



1.5. Switching task (ST) and binaural listening

and changes in pitch between the two streams or gap duration between sets of

letters within a trial were then estimated.

The term ‘switching task’ (ST) which is used throughout the present thesis

deviates from what is conventionally referred to as an auditory switching experiment.

While the above listed examples are di�erent in several ways, both experiments

tap into intentional control and selective attention processes in a single switching

incident within a trial. This carefully controlled paradigm arguably represents

a more realistic communication scenario where a listener is actively attending a

specific talker located in a fairly fixed point in the room, while inhibiting other

non-relevant talkers located elsewhere. Unlike these examples, the switching task

in the present thesis refers to a more complex listening situation that involves the

perception of speech-in-noise or speech-on-speech, where two auditory stimuli are

moving quickly back and forth from the left to the right ear. Thus this taps into

the control processes of sustained (i.e., over several switching incidences within a

trial) as well as selective attention.

Briefly described, in the task the target speech is interrupted at a fixed rate

(5 Hz, i.e., a period of 200 ms) with successive segments of the target signal being

switched from ear to ear. An additional distractor is interrupted in the same way

as the target speech and is alternated between the two ears out-of-phase with

the target speech, with only one stimulus present in each ear at any given time.

Interruption is applied by varying the proportion of time the signal is ‘on’ in each

segment (where a value of ‘1’ means the speech is completely ‘on’, and a value

of ‘0’ means that the speech is completely ‘o�’). During the task, the amount of

interruptions applied varies and is controlled adaptively, depending on the listener’s

response by measuring the proportion of speech required to understand 50% of

the keywords correctly. A more complete account of the relevant literature and

background can be found in Chapter 2. Similarly to the LiSN-S, the ST appears to

demand higher-level cognitive aspects of listening not probed by simpler tasks, as
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it necessitates the listener to switch attention and integrate short-term auditory

information between the two ears. Furthermore, performance in the task was found

to be highly a�ected by ageing in a preliminary study across younger and older

adults with normal hearing (unpublished BSc thesis, Akinseye, 2015). These findings

suggest that the alternated stimuli required the listeners to switch their attention

and to sustain their attention on the target signal while ignoring the distractor,

and to integrate auditory information between the two ears. As aforementioned,

attention and temporal auditory processing deficits have been linked to APD in

children. Therefore, this task may be useful in the assessment of children suspected

of having APD.

1.6 Overview and thesis outline

1.6.1 Motivation

The main features associated with APD are widespread and poorly understood.

The view of APD as a distinct disorder is still highly disputed. However the

manifestations of what is considered to be caused by APD have harmful consequences

for the development of language and reading abilities and can result in developmental

delays. For these reasons, the need to better understand APD is high. There is also

currently a growing realisation of the need to better understand the interface between

hearing and cognition, not least because of recent findings of a highly-specific deficit

which is associated with poor spatial-release-from-masking as measured by the

LiSN-S (Cameron & Dillon, 2007a). Since the switching task seems to tap into

similar attentional aspects that may be involved in the LiSN-S, it may be useful

in better understanding the nature of APD.
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1.6.2 Aims and research questions

This thesis investigates the perception of speech-in-noise and speech-on-speech

for specific higher-level cognitive auditory processing aspects recently associated

with developmental APD using auditory behavioural measures. The main focus

of the work involves the development of the switching task, a novel and clinically

applicable listening paradigm that may be useful in assessing APD. The task is based

on the ability to switch attention and integrate short-term auditory information

across the two ears. The second paradigm is based on spatial release from masking

through symmetrically-placed interfering maskers (LiSNS-UK). These objectives

were addressed in a series of experiments aiming to investigate di�erent properties

of the ST task that may influence listeners performance, with the primary aim to

investigate the utility of both the ST and LiSNS-UK tasks in studying developmental

APD in children. Specifically, this thesis addresses the following research questions:

ST:

1. What are the underlying mechanisms of informational masking that are

involved in the task? Does a distractor need to be intelligible to interfere

with the perception of the target signal or can we observe a similar target

interference also in simple noise or nonspeech analogues of speech with varying

temporal and spectral information? What is the e�ect of intelligibility of

the speech distractor? Can speech spoken in a foreign language which is

unknown to the listener exert similar target interference as a speech spoken in

a familiar language? What is the e�ect of voice similarity between the target

and distractor (e.g., same- vs. opposite-sex) on performance in the task?

2. Do listeners use both ears as opposed to attending only one ear in order to

su�ciently understand the target signal? Can a simplified version of the task

which is based on matrix-based (CRM) sentences and rely less on language or

other cognitive skills be made? How do the two test performances compare to

each other? Can we increase the amount of informational masking by using a
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speech distractor that is similar to the target sentences (with di�erent animals,

colours and digits) than compared with an unrelated speech distractor?

3. Can we use these two new tasks in children? How does performance of children

diagnosed with APD di�er from typically developing children? Would the

simplified test version be more sensitive to the presence of APD if informational

masking were to increase for a speech distractor that is similar to the target

sentences?

ST & LiSNS-UK:

4. How does performance in the ST and LiSNS-UK tasks compare to one another?

Can we find associations between the children’s performance on these tasks

with other measures of language, cognition and auditory function?

1.6.3 Outline

The outline of this thesis is as follows. In chapter 2 and 3 I first develop the

setup and test procedures to measure performance in both primary school aged

children and young adults with normal hearing. The primary objective of these

two chapters was to first examine some basic parameters that may influence young

adults’ performances in the task. This is because the switching task has not been

used very much before and many aspects are yet unknown. Specifically, in Chapter

two I first examined the contribution of informational masking on performance in the

task. This includes examining the e�ect of distractor types (speech vs. non-speech),

the intelligibility of the speech distractors (familiar speech vs. unfamiliar speech),

and similarity between the target and the distractor, for same- and opposite-sex

distractor talker configurations on the listeners’ speech perception. Chapter 3

investigated the assumption that the switching task relies on the ability to use

binaural information as in using both ears, as opposed to attending to only one ear,

in order to understand the target stimuli. In addition, we developed and verified the
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application of a simplified version of the task, wherein we compared the listeners

performance for the two test versions. The former chapters served as foundations

for the fourth and final study which aimed to investigate the utility of the task

in children and whether children diagnosed with APD show any kind of deficit in

the task when compared with typically developing control children. Besides that,

the relationship between their performance in the task with other measures was

examined. Of particular interest was the children’s ability to use binaural cues

(SRM) which was estimated using a spatial listening task which was developed for

this thesis and is based on spatial release from masking through symmetrically-

placed interfering maskers. Other measures included peripheral hearing evaluation

(assessed by detection thresholds for standard and high-frequency regions), auditory-

related attention functions, and finally language and communication skills.
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2.1 Introduction

Communication in adverse listening situations where the target speech is incomplete

or distorted is a typical everyday occurrence. Often, the sound source of interest is

masked by nearby interfering sounds (e.g., tra�c noise or competing talkers) or de-

graded (e.g., due to reverberations, transmission artefacts or filtering). Remarkably

however, listeners can often maintain high speech intelligibility even when large

portions of the speech signal are physically missing or entirely masked by other

sounds (Ba�kent et al., 2016; Miller & Licklider, 1950). This phenomenon is, among

other things, attributed to the redundant characteristics of speech in the spectral

and the temporal domain, enabling the listener to piece together short glimpses

of the target signal to achieve high speech perception (i.e., “glimpsing theory”,

Cooke, 2006). The way our auditory system overcomes such impoverished listening

conditions is not well understood. One of the main obstacles when trying to answer

this question is the large variation in performance across listeners, in particular

in more ecological listening scenarios with several competing talkers with di�erent

complex spectro-temporal properties (Surprenant & Watson, 2001). In many cases,

such individual di�erences cannot be explained by hearing sensitivity as measured

with the pure-tone-audiogram (Humes & Dubno, 2010; Kidd & Humes, 2012).

Individual di�erences may arise from variations in the listeners’ auditory processing

abilities or their abilities to make use of perceptual acoustic and linguistic information

(Pichora-Fuller & Singh, 2006; Surprenant & Watson, 2001). In addition, there is

an increasing amount of evidence suggesting that variability in speech perception

may be in part attributed to variations in cognitive abilities, especially in adverse

listening conditions where the distractor is speech or speech-like (see review by

Akeroyd, 2008; Arlinger et al., 2009; Humes et al., 2013; Kidd & Humes, 2012;

van Esch et al., 2013). Understanding what causes certain groups of listeners to

experience listening di�culties under challenging listening situations can help us find

better intervention plans or treatments that fit to their individual needs. Moreover,

we can use this knowledge to improve currently used speech recognition and speech
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enhancement techniques. However, isolating and quantifying the contribution of

the di�erent mechanisms involved throughout the auditory system is challenging.

The present chapter aims to investigate the utility of a novel speech-on-speech

listening task that appears to demand higher-level cognitive aspects of listening

and may aid in disentangling the reasons why di�erent groups of people experience

di�culty in listening in noisy situations. In the task, target speech is interrupted

and segmented at a fixed rate. The segments are then alternated between the two

ears out-of-phase with an interrupted distractor which is alternated in a similar

way, resulting in alternated segments of both signals between the two ears, with

only one stimulus present in each ear at any given time. The task necessitates

the listeners’ ability to switch and sustain their attention on the target speech,

while inhibiting the distractor segments, and to integrate the short-term auditory

information between the two ears. A preliminary study (unpublished BSc thesis

Akinseye, 2015) compared performance in the task across young (mean age: 24,

range: 20 - 33 years old) and older adults (mean age: 63, range: 50-72 years old)

with audiometrically normal hearing up to 4 kHz. Normal cognitive skills were

controlled for the older group using a standard screening test (MoCA, Nasreddine

et al., 2005). Interestingly, while no significant di�erence in speech intelligibility was

found between the young and older adults for a “standard” speech-in-noise test1,

there was a highly significant di�erence in performance between the groups, with

older adults showing poorer intelligibility for the switching task when presented

with connected speech as a distractor. These results suggest that the switching task

may demand some higher-level cognitive aspects of listening that are not probed by

more simple listening tasks.

The objective here is to investigate di�erent aspects of the task across normal

hearing young adults. This includes examining the e�ect of distractor types
1A conventional adaptive speech in noise task that assesses speech perception of everyday

sentences (ASL; MacLeod & Summerfield, 1990) in a speech-spectrum-noise with a spectrum
matched to the target sentences.
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(speech vs. non-speech); intelligibility of the speech distractors; and similarity

between the target and the distractor, for same- and opposite-sex distractor talker

configurations on the listeners’ speech perception. In addition, test-retest reliability

and reproducibility of the task’s score is evaluated. To set the context, it is

beneficial to review some aspects involved in speech perception in a ‘Cocktail-party’-

like environment (Cherry, 1953) as an e�ect of distractor interference, interruption,

and alternation.

i. Distractor interference

A considerable amount of literature was published supporting the idea that a

distractor interference consists of at least two separate mechanisms, originating

roughly at di�erent physiological levels: “peripheral” and “central” (for an overview

see Moore, 2012). Peripheral masking is equated to a distractor interference taking

place at the basilar membrane and at the auditory nerve. Probably the most

researched peripheral masking is often called energetic masking (EM; see Moore,

2012; Rosen et al., 2013). This is because EM has its origin from interactions of

energy in the target and distractor signals at the same frequency bands, causing

reduced audibility of the target signal. Another recently proposed type of peripheral

interference is related to the distractor’s amplitude modulations as opposed to

its energy, hindering the detection of information-carrying amplitude modulations

in the target signal due to within-frequency band interference (i.e., modulation

masking, MM, Stone et al., 2012). Central masking is often referred as interference

that cannot be attributed to EM or MM (as in spectro-temporal overlap between

the target and the distractor), and is broadly termed informational masking (IM,

Durlach et al., 2003; Kidd et al., 2002; Moore, 2012). IM reflects insu�cient or

non-optimal processing of the target information beyond the hearing organ, despite

a su�cient audibility at the peripheral level.
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The conceptualisation of IM can be drawn from attention theories and the

auditory scene analysis model of auditory perception (ASA, Bergman, 1990). The

term ‘auditory object’ refers to perceptual entity that is perceived as originating

from a single physical sound source. When a listener tries to hear out a target

speech from a mixture of competing talkers, the auditory system is thought to

perform two tasks: segmenting the elements of the target from the competing speech

(segregation) and integrating these elements across time into an elementary auditory

object (streaming). Auditory objects are parsed over time by grouping mechanisms,

based on attributes such as similarity, proximity, and continuity of higher-level

acoustic features such as pitch, timbre, spectral and temporal modulations, spatial

location, syntax and semantic content. IM is linked by many psychoacoustic studies

to perceptual similarity and uncertainty of the target with the distractor signal

(e.g., Durlach et al., 2003; Kidd et al., 2002; Shinn-Cunningham, 2008; Watson,

1987). Based on object-formation theories (e.g., ASA, Bergman, 1990), Shinn-

Cunningham (2008) posited a conceptual theory that takes into account both

bottom-up processes (i.e., attributes that contribute to strength of the sound source)

and top-down attention-related processes. It distinguishes between two types of

IM, caused by failure of either (1) object formation, or (2) object selection. Failing

object formation can occur by EM or MM interference or similarities between

the target and the distractor, preventing bottom-up streaming and thus, resulting

in a confusion between the two signals, e.g., when the target and the distractor

originates from the same-sex talker with similar voice characteristics. On the other

hand, failure of object selection can take place even when auditory objects were

successfully formed and the di�erent sources were successfully streamed. This can

occur due to similarities between the target and the distractor or uncertainty as to

which object is the target stimulus that the listener should attend to. Failing to

attend to the target object can also occur due to external factors that involuntarily

pull away attention from the target, e.g., when a competing talker says your name

(Moray, 1959).
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Studies that look into the role of auditory grouping cues in speech-on-speech

listening tasks often indicate the importance of voice characteristics such as voice

pitch or fundamental frequency (Bergman, 1990; Brungart et al., 2001; Darwin

et al., 2003; Leclère et al., 2017; Sche�ers, 1983; Shen & Souza, 2017), spatial

separation (Best et al., 2011; Freyman et al., 1999), temporal fine structure (TFS,

Moore, 2008), and semantic content (Brouwer et al., 2012; Calandruccio et al.,

2010; Van Engen & Bradlow, 2007) on speech intelligibility.

Pitch is generally defined as an attribute of auditory sensation that can be

scaled from low to high (Moore, 2012). In complex harmonic tones (i.e., a series of

sinusoids whose frequency is an integer multiple of the lowest frequency component—

the ‘fundamental’), the pitch corresponds to the frequency of the fundamental

component and is typically termed as fundamental frequency (F0). Brokx and

Nooteboom (1982) have shown that a di�erence of as little as 6% in F0 of two

simultaneous vowels can considerably improve identification as opposed to when

F0 is identical. In natural speech, pitch is dynamic and changes over time, arising

from periodic vibration of the vocal cords which forms voiced speech sounds. These

dynamic changes in F0 were shown to facilitate speech perception in noise (Binns

& Culling, 2007; Laures & Weismer, 1999; Miller et al., 2010). Periodicity of

a distractor was also shown to aid speech intelligibility when compared with an

aperiodic distractor of vocoded speech (Steinmetzger & Rosen, 2015). Pitch varies

fairly slowly during a course of a spoken sentence, independently for the target and

the distractor signal. Pitch can help the listener to easily latch onto the target

signal after being “lost” by the distractor or by occurrence of an unvoiced speech

sound.

The perceptual advantage or ‘release from masking’ (MR) of normal hearing

listeners for speech in the presence of a temporally fluctuating distractor (in

amplitude) is believed to arise from the auditory system’s sensitivity to temporal

changes, enabling the listener to detect ‘glimpses’ or ‘multiple looks’ of the target
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speech from the mixed signal by making use of the distractor’s temporal dips or gaps

with favourable signal-to-noise ratio, SNR (Cooke, 2006; Howard-Jones & Rosen,

1993; Miller & Licklider, 1950; Moore, 2008; Shafiro et al., 2011; Shafiro et al., 2015;

Stuart, 2008). The use of glimpses is believed to take place at both peripheral and

central level where they work together rather than independently (Cooke, 2006;

Moore, 2003). At the periphery (cochlea), spectro-temporal features are being used

to segregate and group sound sources in multiple-source environments (cf. ASA

model by Bergman, 1990). In the time domain, an incoming sound is decomposed

into rapidly changing TFS, following variations in formants and/or voice F0, and to

slowly varying envelopes following the stimulus amplitude within frequency bands.

(Moore, 2012; Pichora-Fuller & Souza, 2003). Several studies suggested that TFS

cues play an important role in speech perception in a fluctuating noise, aiding “dip

listening” (Hopkins & Moore, 2010; Moore, 2008). At a more central level, beyond

the hearing organ, the pieces of glimpsed signal information are integrated into

perceptual categories. This involves the use of di�erent cognitive processing such as

attention, working memory, executive language, and language skills.

Spatial separation between the target and the distractor can influence the

e�ectiveness of a distractor, resulting in improved intelligibility, or spatial release

from masking (SRM) of up to 16 dB (Freyman et al., 1999). This spatial advantage

is attributed to both physical (EM) and perceptual (IM) factors. A speech spectrum

noise (SSN) is often assumed to produce mainly EM and is therefore considered as a

“pure” form of EM (Brungart et al., 2001)2, producing a SRM between 5 to 10 dB

when the target speech is presented to one ear and the noise is presented to the

opposite ear, or when the noise is placed 90¶ azimuth away from the target talker

on the horizontal plane (see Best et al., 2011). This improvement in intelligibility

is attributed to binaural processing of interaural time di�erences (ITDs) and

monaural better-ear e�ects that give rise to SNR advantages due to the acoustic
2However, recent work by Stone et al. (2012) and Stone and Moore (2014), suggests that most

of the peripheral masking in SSN is caused by MM and not EM.
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head-shadowing e�ect. IM interference on the other hand elicits considerably larger

SRM, ranging from 6 to circa 18 dB (cf. Best et al., 2011). This SRM benefit may

not necessarily arise from monaural cues, but rather from binaural cues, that may

aid in segregation of the sound sources. Nonetheless, quantifying the contribution

of these two cues is di�cult. Freyman et al. (1999) devised a clever way to separate

IM processing while minimising better-ear (monaural) cues. Using the precedence

e�ect (i.e., the use of early reflections for sound source localisation, Hirsh, 1950)

they created a perceptual impression of spatial separation between the competing

talker and the target speech, resulting in a significant improvement in intelligibility,

without changing EM. In a series of experiments, Freyman and colleagues showed

that this perceived spatial separation facilitated release from central (IM) processing

for speech, no matter whether the competing speech was intelligible or not (e.g.,

reversed or unfamiliar speech), while listeners obtained only a negligible masking

release for other non-speech distractors (e.g., SSN or amplitude modulated SSN,

Freyman et al., 2001, 2004; Freyman et al., 1999). This perceptual separation is

in part attributed to higher-level cognitive processing (rather than simple SNR

advantage) that enables the listeners to segregate and focus their attention on the

target talker. Moreover, Brungart and Iyer (2012) have investigated the mechanisms

involved in a rather more complex listening situation where the competing talkers

are symmetrically located at either side of the target. Based on the glimpsing model

theory, Brungart and Iyer have demonstrated that the improved perception of the

target signal may be explained by the listeners ability to make use of short-term

glimpses that vary quickly across frequencies and switches rapidly across the two

ears (so called ‘better-ear glimpses’). Hence, this benefit in spatial separation

appears to be ascribed to higher-level cognitive processes and may not be directly

accredited to spatial processing at all.

Masking release from a distractor spoken in a language that is unfamiliar to the

listeners is well documented in simple listening tasks where a mixture of the target

and the competing talker is presented binaurally (e.g., Calandruccio et al., 2010;
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Freyman et al., 2001; Rhebergen et al., 2005). Although the magnitude of EM may

di�er between distractors spoken in a di�erent language (due to language-related

characteristics di�erences, such as phoneme frequency distribution), most of the

masking release can be attributed to central IM processing, driven by the meaning

or semantic content of the familiar speech. Nonetheless, the amount of masking

release may di�er depending on the origin of the linguistic interference (e.g., lexical,

sublexical, and/or prosodic level) and the task’s di�culty (Brouwer et al., 2012;

Calandruccio et al., 2014; Calandruccio et al., 2010; Van Engen & Bradlow, 2007).

Isolating the di�erent IM components in more adverse speech-on-speech listening

situations that involves binaural or spatial processing can be challenging. Listeners

intelligibility is typically una�ected by contralateral competing speech (e.g., Cherry,

1953; Drullman & Bronkhorst, 2000; Moray, 1959). This is because of strong spatial

separation cues which facilitate IM release.

Freyman et al. (1999) showed that listeners benefit from spatial separation even

when the distractor’s semantic content is eliminated (e.g., unfamiliar language),

whereas they showed no masking release for non-speech SSN. Later studies proposed

a clever way to break down this beneficiary masking release e�ect in dichotic listening

by presenting an additional distractor in the ipsilateral target ear (Brungart &

Simpson, 2002; Carlile & Corkhill, 2015). Brungart and Simpson (2002) showed

that masking release from a contralateral distractor can fail when there is a high

uncertainty between the distractor and the target streams in the ipsilateral (target)

ear. Brungart and Simpson’s task required the listener’s ability to segregate the

target and the distractor streams in the ipsilateral ear and so, in case uncertainty

between the two streams is high, the listeners could reach the limit of their attentional

resources. At the same time, if the contralateral distractor is “speechy” enough,

this could potentially interfere with the listeners ability to use binaural cues, which

consequently will impair their ability to ignore the contralateral distractor and thus

result in poorer intelligibility.
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Carlile and Corkhill (2015) used a similar paradigm that involves perception

of a target talker in two competing talkers. By manipulating the binaural and

spatial properties of the stimuli they tried to tease apart the involvement of di�erent

masking processing (EM, MM & IM). They also investigated the e�ect of non-

speech distractors by replacing one of the competing talkers with unintelligible

“garbled” speech with speech-like amplitude modulations or a SSN distractor. Carlile

and Crokhill’s results revealed that both the competing speech and the garbled

speech produced a large amount of non-energetic masking, while the portion of such

masking e�ect for SSN was negligible. Their findings further support the peripheral

MM processing theory proposed by Stone and colleagues (Stone et al., 2012; Stone

& Moore, 2014), suggesting that the distractor amplitude modulations as in the

garbled speech, interfered with the detection of information-carrying amplitude

modulations in the target signal. A comparison of the magnitude of this e�ect for

the garbled speech and the original speech distractor revealed that a substantial

amount of the non-energetic masking in the speech distractor (5.4 dB) is produced

by peripheral MM rather than central attention or semantic processing.

ii. Interrupted speech

In many ways, perception of interrupted speech is very similar to the perception

of speech in fluctuating noise and performance in these two listening conditions

was shown to correlate (Buss et al., 2009; Grose et al., 2016). Likewise, glimpsing-

based speech recognition models adequately predict speech recognition in both

stationary and fluctuating noise (Cooke, 2006; Rhebergen et al., 2006). In view of

the glimpsing model, the perception of interrupted speech involves the integration

of temporally distributed segments of acoustic information of the original speech

and the need of perceptual integration of these fragmented segments into existing

auditory representations. Similarly to modulated noise, several studies also support

the involvement of both higher-level cognitive factors (e.g., working memory and

attention), and linguistic factors (e.g., semantic and context) as well as lower-level
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auditory factors in perception of interrupted speech (Ba�kent et al., 2016; Kidd

& Humes, 2012; Miller & Licklider, 1950). In their pioneering study, Miller and

Licklider (1950) showed that listeners were able to retain high intelligibility when

segments of speech were periodically removed and replaced with silent intervals, even

when only 25% to 50% of the original speech was available, as long as interruption

rate was fast enough (≥ Ø 10 Hz). The intelligibility of interrupted speech is

typically manipulated using two basic variables: (1) the number of interruptions

per second, ips, or the frequency of interruption (typically referred as gating, or

interruption rate, in Hz); (2) the relative duration of the signal ‘on’ and ‘o�’ times

within each interruption cycle, referred to as duty cycle (DC).

Miller and Licklider (1950) investigated the e�ect of interruption rate and the

amount of the available target information (i.e., DC) on speech intelligibility in

silence or in added noise. They found that performance for monosyllabic words

(when DC is held fixed at 50%) is generally poor at low rates (< 10 Hz) with poorest

performance at 1 Hz, and broadly high between 10 to 100 Hz. It is worth noting

that susceptibility to the interruption rate may di�er, depending on the temporal

characteristics of the speech material at hand. For instance, the monosyllabic words

Miller and Licklider used were on average 600 ms long. Hence, a 1 Hz interruption

rate with a 50% DC resulted in an interruption cycle 500 ms long. Such duration

is almost as long as an entire word and can potentially obliterate the word if the

interruption cycle is in phase with the onset of the word. In the same study, the

authors also explored the performance for noise by replacing the silent gaps with

noise in varying SNR levels. Miller and Licklider found that the added noise made

the interrupted speech sound continuous, in what they referred to as the ‘picket

fence’ e�ect. This was an analogy to seeing a landscape through a picket fence,

where the pickets hide the view at regular intervals, but the landscape is perceived

as continuing behind the pickets. Interchangeably, this e�ect is also frequently

called the phonemic restoration e�ect, coined by Warren (1970). Interestingly,

performance was nearly the same for interrupted speech with or without noise (for
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rates up to ≥ 10 Hz) irrespective of the SNR level, while the decline in performance

for higher rates was dependent on the SNR levels. In other words, although by

filling the silent gaps with noise the speech was perceived as more continuous and

natural, no actual improvement in intelligibility was found. Nonetheless, later

studies suggested that the benefit of phonemic restoration is more prominent when

the target speech contains su�cient contextual information, e.g., for speech material

consisting of sentences as opposed to single words (Bashford et al., 1992) and is

believed to aid in top-down grouping processing (Saija et al., 2014).

A number of studies have found age-related decline in perception for interrupted

speech (e.g., Bergman et al., 1976; Saija et al., 2014). Saija et al. (2014) for instance,

found that the performance of older normal hearing adults was significantly poorer

than their younger adult counterparts at interruption rates 2.5 and 5 Hz, with a DC

of 50%. Similarly, the older listeners showed poorer performance for interrupted

speech in noise, but the di�erence in performance was not significant. The authors

also investigated the listeners’ ability to make use of phonemic restoration, by filling

the silent gaps with noise. Interestingly, the older listeners benefited more from

phonemic restoration than the younger listeners. The latter findings suggest that

older listeners may benefit from training of specific listening strategies to improve

speech perception in di�cult listening situations. Some of the findings suggest

that the age related decline in performance is in part related to the interruption

rates, and seems to be most disruptive for older listeners at rates between 2.5

to 5 Hz (Shafiro et al., 2015). Nonetheless, Bergman (1980) showed that older

listeners, aged 55 years and above, performed substantially poorer than younger

adults also at a higher interruption rate (8 Hz) at various DCs, ranging from 30

to 70%. Kidd and Humes (2012) investigated the e�ect of age, hearing loss and

sentence context on perception of interrupted words, presented either separately

or inserted at the end of sentences with low or high semantic context. They found

that younger normal hearing listeners performed better than older (normal hearing

and hearing impaired) listeners. Nonetheless, the ability to make use of additional
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top-down contextual information was similar across the listeners, irrespective of

age or hearing loss. Conversely, Kidd and Humes (2012) postulated that the most

dominant factor that a�ects interrupted speech performance is the proportion of an

utterance that is available to the listener, while changes in DC and interruption

rate have comparatively little e�ect on speech perception performance.

Perception of interrupted speech may be useful in disentangling the reasons why

di�erent groups of listeners experience di�culties in noisy situations. Nonetheless,

measuring speech perception in a non-adaptive way is not always clinically viable due

to time constrains, and have several other drawbacks such as a possible floor/ceiling

e�ects if di�erent components of the test haven’t been appropriately selected,

or audibility limitations at low SNRs which may reduce the expected e�ect on

performance. Mair (2013) has suggested a new method to estimate perception of

interrupted speech using an adaptive method, similar to measurements of SRT,

whereby the varying variable is the amount of DC that yields 50% of key words

correct in sentences (SRdT). A fixed 4 Hz interruption rate was applied to the

target sentences (equivalent to 250 ms long cycles of the speech signal per second),

presented dichotically in silent gaps or with a SSN replacing the silent gaps.

Mair found no significant di�erence in performance with silent gaps or with noise

across neurotypical normal hearing listeners, with SRdTs of circa 0.45 (DC) on

average. Overall Mair’s test method produced comparable results with data from

the literature (cf. Figure 6 in Nelson & Jin, 2004) and psychometric functions fitted

for the data were reported to show no evidence of a non-monotonicity. This is of

particular interest for the present thesis, since the test paradigm that will be used

is based on Mair’s adaptive procedure to estimate the listeners SRdTs.

iii. Alternated speech

More ecological listening situations often involve the need to switch our attention

between competing sound sources and/or locations (Bronkhorst, 2015). One way to
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introduce such target uncertainty3 is by applying interaural alternations, where the

stimulus is periodically switched from one ear to the other, whilst fully preserving

the stimulus information when combining the alternating segments coming from each

ear. In their seminal work, Cherry and Taylor (1954) were interested in the e�ect

of periodically alternated speech on speech perception using an electronic switch to

quickly alternate the signal between the ears via headphones. Speech intelligibility

was measured for varying alternation rates, determined by the number of switching

cycles per second (cps). In theory, it seems sensible to assume that performance

for alternated speech shouldn’t be impaired, since the stimulus information is

fully preserved. Cherry and Taylor showed that this is indeed the case at both

low and high alternation rates (0.1 cps and > 6 cps, respectively). Interestingly

however, performance was noticeably reduced for alternation rates between 3 to

5 cps (corresponding to about 167 to 100 ms long speech segments per ear in a cycle,

respectively), resulting in a V-shaped intelligibility function. Furthermore, at higher

alternation rates (> 6 cps), localisation of the incoming sound source direction

was disturbed, resulting in a rather di�used sound image, where the sounds are

perceived to be located more centrally in the listener’s head (Ho�man & Levitt,

1978).

The cause of poorer intelligibility at low alternation (2 ≠ 3 cps) has been a

source of debate amongst researchers throughout the years. Cherry and Taylor

(1954) attributed the loss in intelligibility to the existence of a lag in reaction time

of the auditory system to switch attention from one ear to the other in what they

called ‘mental switching’. They postulated that at a critical rate the switched signal

and the mental switching are out-of-phase, thus, making perception impossible.

Another explanation to this phenomenon was suggested by Huggins (1964). Huggins

demonstrated that the critical rate of alternation could be shifted when speech rate

was increased, arguing that this implies that poor performance is attributed to the

duration of the syllables in the speech signal, rather than to a delay in reaction time.
3Although alternations are periodic, these are too rapid to be predictable.
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Perception of alternated speech may arise from the listeners’ ability to switch their

attention between the ears and to attend to a particular sound source. Stemming

from the glimpsing model theory (Cooke, 2006), Brungart and Iyer (2012) posited

that perception of speech in challenging conditions is based on the ability to make use

of better-ear glimpses. Schubert and Parker (1955) compared the e�ect of alternated

speech passages with gaps of silence or with a white noise in the contralateral ear.

They found that replacing the silent gaps with noise resulted in an improved speech

intelligibility at the critical alternation rates. Their findings speak in favour of what

they described as “contralaterally-inhibitive o�-e�ect” when a speech segment is

switched abruptly to silence, rather than to a lag in reaction time of the auditory

system to the switched segments as Cherry and Taylor (1954) postulated.

Ho�man and Levitt (1978) have proposed to use alternated speech in noise

as a way to tease apart central (IM) and peripheral (EM) interference, using

simultaneous and interleaved masking conditions. In simultaneous masking, the

alternating cycles of both signals are in phase, i.e., they are presented at the same

ear at the same time. This type of masking is thought to take place at both

the peripheral level, in the cochlea, and at the central level, following binaural

integration. In interleaved masking on the other hand, cycles of the target and

the noise are alternated synchronously to the opposite ear, i.e., only one stream

(target/noise) is presented in each ear at any given time. It therefore enables us

to isolate central masking (IM) by eliminating peripheral masking introduced by

interaction of the noise and the target energy. Ho�man and Levitt (1978) were

particularly interested in perception at higher alternation rates (> 6 cps), where

lateralisation cues are hindered, resulting in ambiguous spatial perception of the

competing streams. Their results revealed a benefit in MR for interleaved noise

of circa 20 dB as opposed to simultaneous noise. This MR was reported by the

authors to be much higher than binaural MR of similar speech material of 3 to

6 dB, which suggests that IM results in a greater MR when EM was controlled for.
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Akinseye (unpublished BSc thesis, 2015) used a novel speech-in-noise task

(referred to as the ‘switching task’) which involved perception of interrupted speech

in noise, presented dichotically either without switching (i.e., a target in one ear

and a distractor in the other ear), or switched between the left and the right ear

several times throughout a sentence, i.e., interleaved noise as in Ho�man and Levitt

(1978). In the task, the speech signal was interrupted at a fixed rate (5 Hz) while

adaptively varying the speech DC to track the listener’s SRdT as in Mair (2013),

with the signals presented at a fixed 0 dB SNR. The segments of the interrupted

speech were then presented alternately to the two ears, yet only in one ear at a time.

The task’s key advantage is drawn from the use of an interleaved distractor, which

eliminates peripheral masking (EM), while obtaining high IM, which is enabled

by the relatively fast switching rate which reduces lateralisation causing a more

di�used spatial percept of the competing streams. Moreover, using derived measures,

by comparing for example performance with and without switching, enables the

determination of the relative change in performance while controlling for variability

in the cognitive skills involved (e.g., verbal working memory, attention, linguistic

knowledge, and/or auditory closure skills that aid in filling in the missing pieces

of degraded information). Akinseye compared performance in the switching task

across younger (mean age: 24, range: 20-33 years old) and older (mean age: 63,

range: 50-72 years old) adults with audiometrically normal hearing up to 4 kHz.

Normal cognitive skills were controlled for the older participants using a standard

screening test. Performance was compared with SRTs measured using a standard

speech-in-noise test with two distractor types: SSN, and a harmonic complex,

dynamically changing F0, with F0 contours extracted from speech recordings of

an adult male voice reading connected speech. F0 contours were interpolated

through periods of silence and voicelessness (for more details about the distractor

see the Methods section or Green & Rosen, 2013). Both distractors had the same

long-term average spectrum as the target speech (LTASS). The target speech was

the same in both tasks and comprised of everyday sentences (ASL, MacLeod &

Summerfield, 1990), spoken by a male talker, whereby the distractor used in the
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switching task was connected speech spoken by a single female talker. Interestingly,

while no significant di�erence in SRTs was found between groups for the speech-

in-noise test, there was a highly significant di�erence in performance between

the groups for the switching task. In the latter task, older listeners performed

considerably poorer only when the stimuli switched between the ears. Akinseye’s

data suggests that the switching condition demands some higher-order cognitive

aspects of listening that is not probed by more simple speech-in-noise listening tasks.

The aim of the present chapter was to unravel the contribution of IM on

perception of speech with a contralateral distractor, presented dichotically with

streams of the two signals switching rapidly between the two ears. In the first

experiment, we evaluated the amount of IM induced by di�erent types of speech and

non-speech distractors, with or without talker-sex agreement between the target

and the distractor. The speech distractor comprised of unrelated connected speech,

spoken by a talker from the same/opposite sex to the target talker. The non-speech

distractors were derived from specific speech features that were extracted from the

original speech distractors. They were selected to have di�erent amount of speech-

like characteristics, and thus were expected to di�er in the magnitude of IM they

produce. A speech-spectrum-noise modulated with the speech distractors envelope

(AMSSN), preserving the slowly varying wide-band amplitude envelope of the speech

distractor, representing a more rudimentary distractor and was expected to reflect a

small IM e�ect. The second non-speech distractor was single-band vocoded speech

with a natural mix of periodicity and aperiodicity (FxNx), preserving the original

speech temporal fine structure (TFS) associated with periodicity and aperiodicity

and was expected to produce a larger IM. It should be noted that the spectrum

of the speech distractors naturally varied dynamically, whereas the spectrum of

the non-speech distractors did not (see Figure 2.2 in the Methods Section). In a

non-switching speech-in-noise listening situation, speech distractors are expected

to interfere less if there were frequency-specific glimpses due to spectral dips in

the distractor (e.g., Brungart et al., 2001; Festen & Plomp, 1990; Freyman et al.,
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2004; Rosen et al., 2013). However, explanations based on phenomena from a

non-switched speech-in-noise listening situation will not hold for the switching task

used in the present study where EM is not relevant. Therefore, in the ST, we

hypothesised that the introduction of a distractor will result in a decrement in

performance and that the magnitude of the decrement will be moderated by the

distractor type, with speech distractors eliciting the largest IM. We expected to get

little to no IM for AMSSN, while maintaining the natural speech periodicity and

aperiodicity in the FxNx distractor was expected to produce a larger IM. Finally,

as seen in other studies (e.g., Brungart et al., 2001; Festen & Plomp, 1990), we

expected that an increase in similarity between the target and the distractor, as

in the presentation of a same-sex distractor talker, will elicit further decrement in

performance (i.e., increased IM) for FxNx and speech distractors.

Findings in the first experiment demonstrated that performance in the task

was uniquely a�ected when speech distractors were presented, whereas none of

the nonspeech distractors exerted any IM. To extend these findings, in the second

experiment we investigated specific aspects of the speech distractor that may

contribute to the IM e�ect in the task. We examined the contribution of familiarity

with the spoken language, and similarity-related features such as pitch, by comparing

performance for speech distractors spoken in a familiar (English) or in an unfamiliar

language (Mandarin), spoken by talkers either from the same- or the opposite-sex

to the target talker. To expand the generalisation of our findings, instead of using

the same single speech passage spoken by a single talker in every trial as in the

first experiment; the speech distractors in the second experiment comprised of forty

di�erent passages spoken by forty di�erent talkers (twenty for each language, with

an even number of male and female talkers). Finally, we evaluated some aspects

concerning the applicability of the task for future clinical use. We examined the test-

retest reliability within a single session and the reproducibility of the task’s measure

by comparing between performance measured in the first and second experiment.
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2.2 Experiment I: speech vs. non-speech distrac-
tors

2.2.1 Methods

2.2.1.1 Participants

Sixteen young adults who were native British English speakers participated in

the first experiment (mean age 25.5 ± 5.3 years, ranging from 18 to 34 years, 8

females). All the participants were tested to have normal hearing acuity, defined

by air conduction pure tone audiometric thresholds Æ 25 dB HL for frequencies

ranging from 0.25 to 8 kHz. On one occasion, a threshold of 30 dB HL at 2 kHz was

accepted. Nonetheless, all the participants had a pure-tone average (PTA4) below

25 dB HL, averaged across the frequencies 0.25, 1, 2, and 4 kHz (WHO, 1998),

in the left (3.6 ± 3.6 dB HL) and the right ear (4.5 ± 5.8 dB HL). The listeners’

thresholds for the left and the right ear are plotted in Figure 2.1. The shaded grey

area represents the range of audiometric thresholds at each frequency, while the

white line represents the mean of the participants at each frequency. The dashed

line represents the threshold criteria. None of the participants reported a history of

ear or hearing problems or language or other cognitive impairment. The Study was

approved by the UCL Research Ethics Committee (Project ID Number 0544/006)

and testing commenced once an informed consent was given. Participants were

recruited from the UCL psychology subject pool and were paid for their participation.

2.2.1.2 Stimuli

The target stimuli were taken from the Adaptive Sentence List corpus (ASL,

MacLeod & Summerfield, 1990), comprising 270 sentences spoken by an adult male

talker with a standard southern British English accent (sampled at 22.05 kHz with

16 bits per sample, low-pass filtered at 10 kHz). The speech material is based closely

on the BKB sentences (Bench et al., 1979), comprising simple “everyday” sentences

of five words on average (range: 4-6 words) with three keywords each. The sentences
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Figure 2.1: Individual pure-tone-audiogram thresholds plotted separately for the right
and the left ear (in black). The shaded grey area represents the range of the audiometric
thresholds and the white line represents the mean at each frequency across the listeners.
The red dashed line represents the threshold criteria of hearing level Æ 25 dB HL.

are suitable for testing listeners with a wide range of speech perception abilities from

children to adults. A loose keyword scoring method was used, whereby errors of case

or declension were considered as correct responses. For example, as in a repetition

of the keywords ‘<clowns> <funny> <faces>’ to the stimulus ‘The <clown> had

a <funny> <face>’. Six di�erent distractors were used in the first experiment and

can be grouped into two types: speech- and non-speech distractors, with di�erent

degrees of acoustic similarity to speech. The speech distractors consisted of two

short unrelated conversational passages (each 5-6 sentences long) with durations

roughly ranging between 15 to 30 s. They were taken from a large corpus of passages

spoken by native speakers of Southern standard British English (EUROM corpus,

Chan et al., 1995). Out of the two selected passages, one was spoken by a male

talker, i.e., a talker of the same sex as the target talker (ENGsame≠sex), while the

second passage was spoken by a female talker (ENGopposite≠sex). The male talker

used for the same-sex distractor was di�erent from the one used for the target

sentences. However they had similar speech rate and fundamental frequency with

a median F0 of 139.0 Hz and 149.2 Hz, respectively, and 194.2 Hz for ENGopposite≠sex.
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The non-speech distractors were derived from the original speech distractors,

separately for same- and opposite-sex talker, and varied in their amount of “speech-

like” characteristics from high to low, respectively. The first one is thought to

preserve the original speech temporal fine structure (TFS) associated with the

speech periodicity and aperiodicity (but not that associated with overall spectral

shape), and comprised of single-band vocoded speech with natural mix of periodicity

and aperiodicity (FxNx, also described in Steinmetzger & Rosen, 2015). The second

non-speech distractor was an amplitude modulated speech-shaped-noise, with the

same long-term spectrum, and modulation envelope as the speech distractors

(AMSSN), preserving the original speech slowly varying wide-band amplitude

envelope. Exemplary waveforms and spectrograms of the di�erent distractor

types are shown in Figure 2.2. The distractors were generated in MATLAB

(Version R2017b, Mathworks, Natick, Massachusetts) using a channel vocoder

(described in Green & Rosen, 2013; Steinmetzger & Rosen, 2015). First, the speech

distractors were bandpass filtered into a single band using zero-phase-shift 6th-order

Butterworth filter (frequency range: 70 Hz - 10 kHz). The amplitude envelope was

then extracted by applying full-wave rectification of the filter output and a low-pass

filtering at 30 Hz (zero-phase shift, 8th-order Butterworth filter) to remove any

modulations arising from voice fundamental frequency. For the generation of the

AMSSN, the envelope of the single channel was multiplied with a wide-band noise

carrier and the resulting waveform was low-pass filtered at 10 kHz using 6th-order

elliptic filter. Next, the output signal was scaled to the RMS level of the original

speech signal. FxNx was generated by multiplication of the single-band envelope

with either a white noise carrier for unvoiced speech segments in the original speech,

or with the fundamental frequency contour of the original signal when speech was

voiced. F0 contours were extracted in PRAAT (Version 6.0.19, Boersma, 2001) using

ProsodyPro (Version 5.7.2, Xu, 2013), and subsequently manually corrected. Next,

F0 contours were sampled at 1 kHz and interpolated through periods of voiceless

and silent segments using piecewise cubic Hermite interpolation in logarithmic

frequency. The start and end of each pitch contour were anchored to the signal’s
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median frequency, resulting in a carrier with the same length as the original signal.

Finally, filtering was applied to the vocoded AMSSN and FxNx signals to have the

same LTASS as the original speech signals.

Figure 2.2: Waveforms and broadband spectrograms of a short segment of the speech
distractor spoken by a female talker, ENGopposite≠sex (A.), and the two non-speech
distractors, generated from features extracted from the original speech distractors:
amplitude modulated speech spectrum noise, AMSSN (B.), and single-band vocoded
speech with natural mix of periodicity and aperiodicity, FxNx (C.).

2.2.1.3 The switching task

The listening task was developed locally in MATLAB, and involves perception of

target speech which is interrupted and alternated between the ears out-of-phase

with an interrupted distractor, resulting in alternated segments of both signals

between the two ears, with only one stimulus present in each ear at any given time.

Interruption is applied by gating the signal at a fixed modulation rate of 5 Hz,

i.e., a period of 200 ms (with 5 ms rise/fall times), and varying the duty-cycle

(DC), which is the proportion of time the signal is present in each modulation

period. As illustrated in Figure 2.3, DC ranged between 0.2, where signal is nearly

completely ‘o�’ (right figures), to 0.8, where the signal is almost entirely ‘on’
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(left figures). Performance was estimated using a 1-up/1-down adaptive staircase

procedure (Levitt, 1971), whereby the speech level or signal-to-noise-ratio (SNR)

is fixed, while DC varies depending on the listener’s response on a trial by trial

basis. The Speech Reception duty-cycle Threshold (SRdT) was estimated, which

is the DC ratio at which 50% of the keywords were repeated correctly. A correct

repetition of 50% or more of the keywords (i.e., two keywords or more), meant

that the DC ratio of the next trial decreased (i.e., got more di�cult), whereas a

correct repetition of less than 50% of the keywords (i.e., up to one keyword), meant

that the DC ratio of the next trial increased (i.e., got easier). The points at which

the specified DC changes direction are called transition reversals. The outcome

measure, SRdT, is then determined by averaging the test reversals that followed

three practice reversals. In case of an odd number of test reversals, the first test

reversal was ignored.
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Figure 2.3: Illustration of interrupted speech with varying amount of duty-cycle (DC).
Upper figures: original speech signal (black) and modulation envelope (red). Bottom
figures: interrupted speech following multiplication with the modulation envelope.

Next, the switching of the interrupted stimuli was applied. As illustrated in

Figure 2.4, the interrupted target signal was multiplied with a modulation carrier

(grey carrier), separately for the left (blue) and the right ear (red). The modulation

carrier in one of the ears was time-shifted, resulting in alternated segments of

the signal between the two ears, but only in one ear at each given time (middle
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figures). The distractor is processed in the exact way, but the ears are reversed. For

presentation of the target speech in quiet, the distractor’s segments were replaced

with silence. The carrier had a fixed modulation rate of 5 Hz, which was found in

several studies to significantly impair speech perception in adults and was shown

to be slow enough to be able to perceive the switched speech segments between

the two ears (Cherry & Taylor, 1954).
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Figure 2.4: Illustration of an alternated speech signal with a duty-cycle (DC) of 0.5
and a modulation rate of 5 Hz (i.e., 200 ms periods). Upper and middle figures shows
multiplication of a modulation carrier (grey) for the left (blue) and the right (red) ear.
Note that the phase of the modulation envelope is selected by random in each trial. The
lower figure illustrates the alternated speech signal, achieved by adding together the left
and the right channels.

Listeners were presented with two listening conditions, with or without a

distractor (see Figure 2.5). A listening condition with a distractor is depicted

in the right side of the figure, where segments of interrupted target signal (black

bars) and segments of the distractor signal (grey bars) are alternated out-of-phase

between the left and the right ear. Similarly, a reference condition where the target

signal is presented without a distractor is shown in the left half of the figure, by

replacing the distractor segments with silence.
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Figure 2.5: Schematic of the switching task listening conditions. The target speech
and the distractor are represented by the black and grey bars, respectively. The stimuli
presented in the left ear are depicted in the upper part of the figure as a function of time,
whereas the stimuli presented in the right ear are depicted in the lower part.

2.2.1.4 Procedure

A single experimental session with a maximal duration of 2 hours (including breaks)

took place in a sound attenuated chamber. Stimulus presentation and scoring

were carried out using a locally developed MATLAB script via a MacBook Pro

13 laptop (macOS High Sierra 10.13.4) connected via USB to an RME Babyface

soundcard (Audio AG, Haimhausen, Germany). The test signals were presented

through Sennheiser HD-25 headphones (Wedemark, Germany) at a fixed output

level of circa 70 dB SPL, measured using an artificial ear (Brüel & Kjær 4153,

Sound and Vibration Measurements A/S, Nærum, Denmark) over a frequency

range of 100 Hz to 10 kHz. A 30 ms long cosine onset ramp was applied to the

segmented target signal to avoid the stimulus from sounding abrupt. For conditions

with a distractor, the target onset was 1 s after the distractor to avoid uncertainty

to which signal the listener should attend to. In each trial, a distractor segment

was randomly selected from the long signal to match the length of the target

sentence (plus 1 s onset time). The starting ear of the switched segments was

randomised in each trial. The starting DC was 0.97 (i.e., the signal is almost entirely

present). Subsequently, the DC varied depending on the listener’s response, with

an initial step-size of 0.12 which decreased gradually over the first three (practice)

reversals to 0.05. Nevertheless, the final DC step size for speech distractors was

set to 0.1. This is because examination of preliminary data, measured across NH

adults (unpublished BSc thesis, Akinseye, 2015), suggested that the psychometric

function for ENGopposite≠sex distractor was shallower than for the Quiet condition.

The steepness of the psychometric function slope is proportional to the spread of

the SRdT, where a steep slope would yield a smaller spread in SRdT, whereas,
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conversely, a shallow slope would yield a larger spread in SRdT (Levitt, 1971;

MacPherson & Akeroyd, 2014). Choosing the optimal step size, particularly at

the mid point (50%, i.e., final step size) is important and can influence how well

and how quickly the adaptive procedure converges (cf. Witton et al., 2017). To

examine this, the e�ective final step size (Estep≠size) was calculated by estimating

the range of DC over which the function runs between 20% to 80% keywords correct,

divided into three steps across the range (Estep≠size = (EDC80% ≠ EDC20%) / 3).

This was computed separately for each test condition. A final step size of 0.05

was found to be adequate for the Quiet condition with Estep≠size of 0.066 (slope =

14 %/DC), whereas a final step size of 0.1 was found to be more suitable for the

ENGopposite≠sex condition (Estep≠size = 0.110, slope = 8.0 %/DC). These two final

step sizes were later confirmed by examining the results of the first seven listeners

who participated in the present study [Quiet: Estep≠size = 0.06, slope = 16 %/DC;

non-speech distractors (AMSSN & FxNx): Estep≠size = 0.07, slope = 13 %/DC;

ENG (opposite- & same-sex): Estep≠size = 0.11, slope = 9 %/DC].

In experiment I, a self-scoring method was used via a graphical user interface

(GUI), whereby the listeners were instructed to transcribe the sentence using a

keyboard and press the ‘OK’ button once completed using a computer mouse. The

response was thereafter recorded and could not be altered any more. Next, the

listeners were asked to select the correctly recalled keywords from the options shown

on the screen, based on their displayed transcription. Pressing again the ‘OK’

button prompted the presentation of the next trial. Feedback was given following

each trial only for the practice phase where both the non-degraded target sentence

and the test stimuli were presented. Prior to the beginning of the data collection,

listeners were familiarised with the task by responding to a set of five practice

runs in the following fixed order: Quiet, AMSSN, FxNx with 5 trials each, and

ENG (same- and opposite-sex) with 15 trials each. The presentation order was

set to reflect the expected decline in listeners’ score caused by increased masking

interference. Due to the limited number of ASL sentences, the target sentences
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in the training phase were taken from the BKB corpus (Bench et al., 1979) which

are very similar in structure to the ASL sentences. In addition, a short practice

run was given during the testing phase at the beginning of each run, whereas no

feedback was given in order to reduce testing time.

In total, seven test conditions were recorded in the testing phase, originating

from the following factorial design: 3 distractor types (ENG, FxNx, AMSSN) x

2 distractor talker-sex (same-/opposite-sex), and a reference condition, where the

interrupted target signal was presented without a distractor (Quiet). Listeners were

presented only once with each test condition. Each test run consisted of 19 ASL

target sentences. Due to the restricted number of target sentences presented in

each run, no stopping rules were set and a run was completed once all 19 sentences

were presented. Inspection of the recorded data revealed that the average number

of test reversals (i.e., after 3 practice reversals) was 5 (± 2.07, range: 1 to 10).

Moreover, there were only 13/112 cases (~11%) where listeners obtained less than

four test reversals. The order of the test conditions and target sentence lists was

quasi-randomised to account for order or fatigue e�ects.

2.2.1.5 Statistical methods

The listeners SRdTs was assessed using a model comparison approach in R envi-

ronment (RStudio Team, 2020). Linear mixed-e�ects regression models (LMEMs)

were fitted by maximum likelihood (ML) using the lmer() function (lme4 package

in Bates et al., 2015a). The first model examined the overall e�ect of distractor

type using 1 x 7 LMEM with the seven test conditions as fixed factors (3 distractor

types x 2 distractor talker-sex configuration and Quiet condition), with the Quiet

condition set as a reference level, and subjects included as by-subject random

intercept. The second model assessed di�erences in performance between speech

and nonspeech distractors and the e�ect of talker-sex using 3 x 2 LMEM with

distractor type (ENG, FxNx, & AMSSN) and distractor talker-sex (same/opposite)
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as fixed factors and again random intercepts for subjects (reference levels: distractor

type = AMSSN; distractor talker-sex = opposite). Note that observations for the

Quiet condition were excluded from the second model. LMEM assumptions of

homogeneity and normal distribution were fulfilled, tested with Levene’s test (Fox &

Weisberg, 2011) and Shapiro-Wilk test (R Core Team, 2018). The initial saturated

model included by-subject random intercepts and slopes. However, because the

model did not converge, it was simplified to a model that would converge by

including only random intercepts. We used backward model selection (cf. Barr

et al., 2013), by removing fixed terms that did not significantly degrade the model’s

fit (significance level – = 0.05) using likelihood ratio test (‰2). Independent post-

hoc t-test comparison was performed on the fitted model and included adjusted

least-squared-mean for the random intercepts (subjects) using lsmeans() (lsmeans

package, Lenth, 2016). The p-values were Bonferroni-adjusted.

2.2.2 Results

Descriptive statistics of the listeners performance (in SRdTs) for the di�erent test

conditions is given in Table 2.1. In total, seven SRdTs were recorded for each

participant across four background conditions: Quiet, and the distractors AMSSN,

FxNx, and ENG, whereby distractors originated from either opposite- or same-

sex talker. Boxplots of the SRdTs are shown in Figure 2.6. The results reveal

that the non-speech distractors elicited little to no interference with the target

speech, with similar SRdTs as for the reference Quiet condition, while the speech

distractors showed a large interference e�ect, resulting in increased SRdTs (i.e.,

poorer performance) for opposite-sex and same-sex talkers.
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Table 2.1: Descriptive statistics for the SRdTs obtained in experiment I across the
di�erent test conditions.

Distractor talker-sex

Background type
Grand mean

M (SD)

Opposite

M (SD)

Same

M (SD)

Quiet 0.34 (0.07) - -

AMSSN 0.35 (0.09) 0.34 (0.08) 0.35 (0.09)

FxNx 0.37 (0.09) 0.37 (0.08) 0.36 (0.10)

ENG 0.67 (0.18) 0.53 (0.13) 0.82 (0.09)
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Figure 2.6: Boxplots of the SRTds measured in experiment I for the baseline condition
Quiet and the distractor conditions AMSSN, FxNx and ENG with the same- and opposit-
sex talker. Individual scores are represented by the black circles.
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To put these results in what might be a more understandable context, the SRdT

reflects the amount of speech information (glimpses) required by the listeners to

understand 50% of the sentence correctly. An SRdT of roughly 0.34 obtained for the

non-speech distractors and the reference condition Quiet (at a 5 Hz modulation rate)

is equivalent to five 68 ms audible glimpses of the target sentence per second, each

preceded and followed by 132 ms of silence. For the speech distractors on the other

hand, in order to understand 50% of the sentence correctly, the listeners needed

more than double the duration of audible target glimpses per period (164 ms)

for the same-sex distractor and about 56% longer (106 ms) for the opposite-sex

distractor.

The e�ect of distractor type in general on the listeners’ performance, was

tested by a comparison of the SRdTs with the reference (Quiet) condition included

using 1 x 7 LMEM (see Table 2.2 for the model coe�cients and p-values). Model

comparison showed a highly significant main e�ect of background [‰2(6) = 178.76,

p < 0.001]. The results revealed that speech distractors significantly impaired the

listeners performance, for both opposite- and same-sex talker [b = 0.19, t(96) = 7.08,

p < 0.001 and b = 0.48, t(96) = 17.66, p < 0.001, respectively]. On the other hand,

no di�erence in performance between the non-speech distractors (AMSSN & FxNx)

and the reference condition was found (all p
Õ
s < 0.05).

A separate model without observations measured with the Quiet condition

examined whether there was a di�erence in performance between the speech and

nonspeech distractors, as well as the e�ect of distractor talker-sex using 3 x 2

LMEM (see Table 2.3). Model comparison showed a significant main e�ect for

distractor type [‰2(5) = 159.45, p < 0.001], distractor talker-sex [‰2(3) = 72.08,

p < 0.001] and their interaction [‰2(2) = 54.96, p < 0.001]. Next a post-

hoc t-test comparison (Bonferroni-adjusted) showed no significant di�erence in

SRdTs between the two non-speech distractors FxNx and AMSSN [t(85.33) = 1.11,

p = 0.808], and a highly significant di�erence between the non-speech and speech
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Table 2.2: 1 x 7 mixed-e�ects model for SRdTs measured in experiment I across all
subjects (nobservations = 112; nsubjects = 16). Reference level = Quiet condition. Significant
p-values are marked as bold.

SRdT ≥ BackgroundType + (1 | Subjects)

Main e�ects Df ‰
2

p

BackgroundType 6 178.76 <0.001

Fixed e�ects Estimated mean di�erence SE 95 % CI

intercept 0.34 0.02 0.29 – 0.38

AMSSNopposite≠sex 0.00 0.03 -0.05 – 0.06

AMSSNsame≠sex 0.01 0.03 -0.04 – 0.07

FxNxopposite≠sex 0.04 0.03 -0.02 – 0.09

FxNxsame≠sex 0.02 0.03 -0.03 – 0.08

ENGopposite≠sex 0.19 0.03 0.14 – 0.24

ENGsame≠sex 0.48 0.03 0.43 – 0.53

distractors [AMSSN vs. ENG: t(85.3) = ≠16.85; FxNx vs. ENG: t(85.3) = ≠15.73,

p < 0.001]. Moreover, di�erences in performance due to distractor talker-sex

(two-way interaction) was significant (and highly so) only for the speech distractors

[t(85.3) = ≠10.46, p < 0.0001]4.

2.2.3 Discussion

The objective of the first experiment was to evaluate the amount of IM induced

by di�erent types of speech and non-speech distractors with or without talker-sex
4Di�erences between opposite-sex and same-sex talker for nonspeech distractors: AMSSN

[t(85.3) = ≠0.349, p = 0.728], FxNx [t(85.3) = 0.475, p = 0.636].
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Table 2.3: 3 x 2 mixed-e�ects model for SRdTs measured in experiment I across all
subjects (nobservations = 96; nsubjects = 16. Reference levels: distractor type = AMSSN;
distractor talker-sex = opposite. Significant p-values are marked as bold.

SRdT ≥ DistrType + DistrTlkrSex + DistrType:DistrTlkrSex + (1 | Subjects)

Main e�ects Df ‰
2

p

DistrType 5 159.45 <0.001

DistrTlkrSex 3 72.08 <0.001

DistrType x DistrTlkrSex 2 54.96 <0.001

Fixed e�ects Estimated mean di�erence SE 95 % CI

intercept 0.34 0.02 0.30 – 0.39

DistrType (FxNx) 0.03 0.03 -0.02 – 0.08

DistrType (ENG) 0.19 0.03 0.14 – 0.24

DistrTlkrSex (same) 0.01 0.03 -0.04 – 0.06

DistrType (FxNx) x

DistrTlkrSex (same)
-0.02 0.04 -0.10 – 0.05

DistrType (ENG) x

DistrTlkrSex (same)
0.28 0.04 0.20 – 0.35

agreement between the target and the distractor. To tease apart the key factors that

contribute to IM, speech intelligibility was measured for three types of distractors.

In addition, the listeners’ baseline performance was measured for the switched target

with silent intervals replacing the distractor (Quiet condition).

The SRdTs measured in the reference Quiet condition (0.34±0.07) is in line with

Akinseye (unpublished BSc thesis, 2015) preliminary study, and is in accordance with
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the literature for interrupted speech (e.g., Kidd & Humes, 2012; Miller & Licklider,

1950) and alternated speech (e.g., Stuart, 2008). Di�erent distractor types a�ect

performance di�erently. We hypothesised that performance will get poorer (i.e.,

higher DC) by introducing a distractor and that the decline in speech perception

(or the increase in IM) will be moderated by the type of the distractor, with

speech distractors potentially producing the largest IM. Moreover, we hypothesised

that introducing more speech-like features into the non-speech distractors would

result in increased similarity and uncertainty between the target and the distractor,

which consequently will result in a larger interference e�ect for FxNx as opposed

to AMSSN. We therefore expected FxNx to introduce similar IM as the speech

distractor. The outcomes of the study showed that speech distractor (ENG) resulted

in the largest IM. In fact, only the speech distractor showed a significant di�erence

in performance, while performance for the non-speech distractors was the same as

for the target sentences in quiet.

Informational masking can be attributed to both bottom-up processes, as in

signal characteristics that support streaming of a sound source (i.e., object formation)

and top-down attention-related processes that support attending to the target

signal (i.e., object selection, Shinn-Cunningham, 2008). Increased target-distractor

similarity and uncertainty increases IM. The present study revealed that only the

speech distractor produced IM. Due to the complex nature of speech signals, trying

to disentangle the di�erent contributing factors that produced this exclusive IM

e�ect for speech distractors is not straight forward. Although some properties of the

stimuli (i.e., speech distractors and their derived nonspeech distractors) we used were

to some extent controlled for, due to the variable nature of speech, some di�erences

between the stimuli are still possible (e.g., sentence structure, semantic content,

vocabulary, speech rate, vocal-tract length, F0, or generally di�erent speaking style),

and could have had an e�ect on the amount of IM that is produced. Nevertheless,

one obvious factor that had a large e�ect on the amount of IM was the distractor

talker-sex. Performance for speech distractors spoken by a same-sex talker was
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significantly poorer (i.e., larger DC) than for a distractor spoken by a talker from

the opposite sex. In the present study we chose a same-sex distractor talker with a

similar median F0 as the target talker. This may add an element of uncertainty

with the target signal, resulting in a combination of bottom-up failure in object

formation in addition to the impaired top-down object selection as seen for the

opposite-sex distractor talker. Nonetheless, the stimuli used in the present study

originated from single talkers and did not change from trial to trial. Thus, one

should be cautious when trying to draw more general conclusions about the e�ect

of the talker-sex agreement between the target and the distractor on the performance.

Another possible contributing factor is semantic content. The speech signals

in the present study originated from di�erent talkers and di�ered in their seman-

tic content: ASL sentences (target) vs. unrelated connected speech (distractor).

Nonetheless, similarity between the target and speech distractors at the word-level, or

more likely at the phoneme-level are short enough to be conveyed within the 200 ms

long switching signal segments, and could potentially cause attentional uncertainty,

resulting in failure of top-down processing in attending to the target signal. The

lack of IM interference for FxNx may suggest that semantic content is weighted as a

more reliable cue in the process of auditory stream segregation in adverse listening

conditions (such as here), and may have been prioritised over other cues such as

F0 and TFS. The una�ected performance for amplitude modulated speech shaped

noise was expected and is in line with other studies demonstrating that typically

neurotypical normal hearing adults can maintain high intelligibility for speech in

amplitude modulated noise when presented dichotically (e.g., Brungart et al., 2013).

Another possible explanation for the lack of IM for non-speech distractors could be

simply due to the ceiling e�ect, given the similar SRdT found in the Quiet condition.

It is thus possible that at more challenging negative SNR’s, di�erences between

the non-speech distractors and the Quiet condition would be more pronounced.

Nevertheless, intensity di�erences could also be a contributing factor.
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Overall, these results suggests the important role of semantic content in IM

in the switching task. However, further research should be done to investigate

this more closely. One possible way to look into the contribution of meaning of

the speech distractors is to include speech distractors spoken in a language that

the listeners are not familiar with, thus preserving the natural spectrotemporal

characteristics of speech, while eliminating the influence of semantic content.

The present study used an automated self-scoring method to record the listeners’

performance. All the participants were able to adequately use the scoring method

with no particular problems. This was supported by an inspection of the listen-

ers’ transcription and selected keywords. Automated scoring methods in speech

perception tasks are mostly used for closed set speech material such as the matrix

sentences (Kollmeier et al., 2015) or the coordinate response measure (CRM, Bolia

et al., 2000). The main advantage of the scoring method used in the current study

is that it enables a fully automated testing for open set speech material. Thus, it

excludes the need for the examiner to manually select the listener’s verbal response

and eliminates the need of the examiner to speak the language spoken in the task.

Selecting the listener’s correct answer based on their verbal response in some cases

can introduce bias to the measurement (e.g., when the listener has pronunciation

di�culties). Therefore, this method avoids such bias and has the potential to reduce

the scoring error rate. Nonetheless, it has two major disadvantages which probably

makes this method most likely not suitable for children and elderly listeners, nor for

use in the clinic listeners or clinically viable. First, it requires adequate typing and

spelling skills and working memory may possibly a�ect the listeners’ performance,

especially in adverse listening conditions. Secondly, it substantially increase the

testing time, and testing times vary greatly depending on the listeners typing skills.
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2.3 Experiment II: speech distractors spoken in
a familiar vs. unfamiliar language

Findings in the first experiment demonstrated that performance in the task is

specifically a�ected when speech distractors are used, and that this IM e�ect

did not occur for the non-speech distractors. To extend these findings, in the

second experiment we examined the contributions to IM of familiarity with the

spoken language of the distractor (English vs. Mandarin), and similarity-related

features as in voice characteristics of the talkers (same-sex vs. opposite-sex talkers).

Furthermore, the applicability of the proposed task for future clinical and research

use was examined.

2.3.1 Methods

2.3.1.1 Participants

The data in the second experiment was taken from a larger study which aimed to

compare performance in the task between two groups of young and older adults,

native British English speakers with 20 listeners in each group (Huang, 2018,

supervised by Rosen and Koifman). None of the participants were familiar with

Mandarin. Here we present only the data collected with the younger group. To

enable a better comparison of listeners scores between experiment I and II, the

same inclusion criteria were employed. Thus, only listeners with an age Æ 35

years old were included, resulting in a total of 15 listeners’. Next, inspecting

for outliers (more than 2 SD’s from the mean), revealed that one listener was

indicated as a possible outlier 9 times out of 10 with an overall poor performance,

and was therefore removed. The remaining 14 listeners mean age was 25.1 ± 4.2

(range: 19-35 years, 11 females) and were tested to have normal hearing acuity

based on the same criteria as in the previous experiment (right ear PTA4 =

3.6 ± 2.6 dB HL, left ear PTA4 = 4.1 ± 3.2 dB HL; see Figure 2.7). Participants

were recruited from the UCL psychology subject pool and from the Speech and
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Language Therapy MSc programme at City, University of London and were paid

for their participation. The Study was approved by the UCL research Ethics

Committee (Project ID Number 0544/006).

Figure 2.7: Individual pure-tone-audiogram thresholds plotted separately for the right
and the left ear (in black). The shaded grey area represents the range of the audiometric
thresholds and the white line represents the mean at each frequency across the listeners.
The dashed line represents the threshold criteria of hearing level Æ 25 dB HL.

2.3.1.2 Stimuli

The same ASL target sentences were used in the second experiment. Nonetheless,

unlike the first experiment where the frequency range of the stimuli extended up

to 10 kHz, the stimuli in the current experiment were low-pass filtered at 4 kHz.

This was carried out in order to minimise the e�ects of any possible high-frequency

hearing loss in the older-adult group, which is known to increase in prevalence with

age (e.g., Brant & Fozard, 1990). As in the previous experiment, several speech

and non-speech distractors were used. However, only data for speech distractors

will be discussed here. The speech distractors in experiment II consisted of either

familiar English passages (ENG), originating as before from the EUROM corpus,

or unfamiliar Mandarin passages (MDR), spoken by native Mandarin Chinese adult

speakers. The Mandarin passages were recorded in the Department of Speech,

Hearing, and Phonetics Sciences, University College London (UCL) in an anechoic
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chamber and followed similar recording and editing steps as in the EUROM passages

(Chan et al., 1995). Each of the speech distractors (ENG and MDR) comprised

twenty di�erent talkers (10 same-sex and 10 opposite-sex), with a total of forty

di�erent speech passages.

2.3.1.3 Procedure

A similar experimental design was employed in the second experiment with a few

exceptions. Instead of a self-scoring method, listeners were asked to verbally repeat

the target sentences to the experimenter who was situated alongside the participant

in the sound treated chamber. The experimenter scored the response by selecting

the correctly repeated keywords on the screen. Listeners were encouraged to guess

if unsure and no feedback was given at any time. Additionally, while in the first

experiment the same passage was used throughout the testing, here, a distractor

passage was selected at random out of the ten di�erent passages in each trial.

Finally, each test condition was measured twice with no repetition of the target

sentences. The order of the test conditions was pseudo-randomised. As in the

previous experiment, each test run consisted of 19 ASL target sentences with no

additional stopping rules applied. Inspection of the recorded data revealed that

the average (median) number of test reversals (i.e., after 3 practice reversals) was

6 (± 1.88, range: 2 to 12). There were only 11/140 cases (~8%) where listeners

obtained less than four test reversals.

2.3.2 Results

In the second experiment, listeners were presented with the target sentences without

a distractor (Quiet), and with a speech distractor spoken either in a familiar or

unfamiliar language (ENG and MDR, respectively) spoken by either same-sex or

opposite-sex distractor talkers than the target talker. Each participant was presented

with two runs for each test condition with a total of 10 runs (5 conditions x 2 runs).
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2.3.2.1 Within-session test-retest reliability

Descriptive statistics of the listeners performance (in SRdTs) for the di�erent test

conditions is given in Table 2.4. A comparison between the test runs is depicted in

Figure 2.8, with the SRdTs obtained in the first run (x-axis) plotted as a function

of the second run (y-axis). The figure reveals that most observations are fairly close

to or on the diagonal line across the di�erent test conditions, which represents an

identical performance between the first and the second run.

Table 2.4: Descriptive statistics for SRdTs obtained in experiment II with M indicates
the mean and SD for the listeners SRdTs, whereas the grand mean indicates the aggregated
data across both runs.

Distractor talker-sex

Opposite M (SD) Same M (SD)

Background type Run 1 Run 2 Grand mean Run 1 Run 2 Grand mean

ENG 0.51 (0.07) 0.46 (0.08) 0.49 (0.08) 0.75 (0.08) 0.71 (0.11) 0.73 (0.10)

MDR 0.48 (0.07) 0.46 (0.10) 0.47 (0.09) 0.71 (0.09) 0.68 (0.13) 0.70 (0.11)

Run 1 M (SD) Run 2 M (SD) Grand mean (SD)

Quiet 0.30 (0.05) 0.32 (0.05) 0.28 (0.05)

To evaluate the test-retest reliability between run 1 and 2 across the di�erent

test conditions, we first calculated the intraclass correlation coe�cients (ICCs)

using icc() in irr R package (Gamer et al., 2019). We used the ICC(1) formula

for a two-way mixed e�ects model, with absolute agreement and single measures

(cf. Koo & Li, 2016). The ICC is “.. an index of reliability representing the ratio

of the between-subject variability to the total variability in the data” (Leensen &

Dreschler, 2013, p. 458). An ICC of 1 stands for high reliability and an ICC of 0

stands for no relationship at all. Despite the small between- and within-subjects

di�erences in scores across the two runs, all the calculated ICCs were negative. A

negative ICC is typically considered as unreliable and thus considered as an ICC of
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Figure 2.8: Test-retest SRdTs obtained in experiment II for the test conditions Quiet,
ENGopposite≠sex and ENGsame≠sex. Individual scores are represented by the di�erent
shapes corresponding to the test condition, whereby the diagonal line represents an
optimal agreement between run 1 and 2.

zero (e.g., Matheson, 2019; Qin et al., 2019). Negatives ICC can arise from several

factors such as a small between-subject variance and a small sample size. Since

test-retest reliability was not the main objective of the study, it was decided to

use a less conservative approach to quantify the di�erence between the two runs

among the di�erent listeners. For this, the null hypothesis that the mean di�erence

between the runs is zero was tested using a paired t-test (t.test(), stats package,

R Core Team, 2020a). The data met the test assumptions for normal distribution

(Shapiro-Wilk test, R Core Team, 2018) and homogeneity of variance (Levene’s

test, Fox & Weisberg, 2011). The tests results are shown in Table 2.5 , where there

was no significant di�erence found between the first and the second run across all

conditions (all p
Õ
s > 0.05), thus for further analysis the individual averaged scores

were used.
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Table 2.5: SRdTs test-retest reliability analysis: paired t-test using t.test() function
(stats package; R Core Team, 2020).

Estimated mean di�erence 95% CI p-value

Quiet 0.040 -0.007 - 0.087 0.091

ENGsame≠sex 0.037 -0.015 - 0.089 0.150

ENGopposite≠sex 0.052 -0.012 - 0.116 0.100

MDRsame≠sex 0.024 -0.047 - 0.095 0.480

MDRopposite≠sex 0.011 -0.033 - 0.055 0.596

2.3.2.2 Score reproducibility — a comparison between experiment I
and II

Next, the reproducibility of the test scores was examined by comparison of the

SRdTs obtained in experiment I (dark grey) and II (light grey) for Quiet and ENG

speech distractor for same- and opposite-sex distractor talker(s) (see Figure 2.9).

No listener participated in both experiments. Overall, the averaged SRdT scores in

the two experiments were fairly similar across the di�erent conditions, with mean

SRdTs of roughly 0.32, 0.51 and 0.78, respectively. Nonetheless, there is a small

but noticeable tendency for increased SRdTs (i.e., poorer performance) in the first

experiment and for a larger variance when compared with the results in the second

experiment.

The assumption of normal distribution was fulfilled (Shapiro-Wilk test), however,

the assumption of homogeneity of the variance (Levene’s test) for the interac-

tion between the two experiments and test conditions Quiet, ENGsame≠sex and

ENGopposite≠sex) was not met (F (5, 84) = 4.86, p < 0.0001). Thus, a nonparametric

approach using nparLD() function (nparLD package, Noguchi et al., 2012) was

applied to examine the di�erences in SRdTs between experiments. The function

71



2.3. Experiment II: speech distractors spoken in a familiar vs. unfamiliar language

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Quiet ENGopposite!sex ENGsame!sex

S
R

d
T

s
 (

p
ro

p
o

rt
io

n
 o

f 
d

u
ty

 c
y

c
le

)

"
 b

e
tt

e
r 

p
e

rf
o

rm
a

n
c

e

Experiment

1

2

Figure 2.9: Boxplots of the SRdTs obtained in experiment I (dark grey) and experiment
II (light grey) for the reference condition Quiet and ENG speech distractor with the same-
and opposite-sex talker(s). Individual scores are represented by the black circles.

o�ers a robust rank-based ANOVA-type statistic test (ATS) for analysis of skewed

data or for data with outliers or from a small sample size (see Feys, 2016, for a good

introduction on robust nonparametric techniques). The analysis was based on a

f1-ld-f1 design ATS test, which refers to an experimental design with a single between-

subjects factor (Experiment: I & II) and a single within-subject factor (Condition:

Quiet, ENGopposite≠sex, & ENGsame≠sex). There was no significant interaction

between Experiment x Condition (Statistic = 0.412, df = 1.74, p = 0.634),

indicating that performance in the two experiments did not di�er between conditions.

Whereas there was a highly significant main e�ect of Condition (Statistic = 271.580,

df = 1.74, p < 0.001) and a significant main e�ect of Experiment (Statistic = 8.260,

df = 1.00, p < 0.01). Nevertheless, the e�ect-size for Experiment was small with a

Cohen’s d of 0.264 (95% ≠ CI : ≠0.158 ≠ 0.686), whereas the e�ect-size of condition

was large with d ranging between -2.280 to -5.850 (e�size::cohen.d(), Torchiano,

2020).
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2.3.2.3 E�ects of the distractor’s language familiarity and talker-sex
on IM

A comparison between the listeners’ SRdTs measured with the familiar speech

distractor (ENG) and the unfamiliar speech distractor (MDR), for same- and

opposite-sex distractor talkers, is shown in Figure 2.10. As before, the diagonal line

represents identical performance for the two distractors. The scores were on average

very similar in the two distractor-talker configurations, with a DC of roughly 0.5

for opposite-sex and 0.7 for same-sex distractor talkers.

Figure 2.10: SRdTs obtained in experiment II for connected-speech distractors spoken
in a familiar language (English, ENG), and an unfamiliar language (Mandarin, MDR) for
both same-sex and opposite-sex target/distractor talker configurations. Individual scores
are represented by the black circles. The diagonal line represents identical performance
for the two speech distractors in the respective distractor talker-sex configuration.

The e�ect of familiarity of the speech distractor was tested using an 2 x 2 x 2

factorial design LMEM with repeated measures, with speech distractors as fixed

factor (DistrType: ENG & MDR), distractor talker-sex (DistrTlkrSex: same- and

opposite-sex), and the run’s order (Order: 1 & 2) as fixed factors, and subjects

as random intercepts (reference levels: ENGopposite≠sex, Order=1). The model

coe�cients and p-values are given in Table 2.6. A backward model selection,
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starting from a fully saturated model with three-way interaction for the fixed

factors (DistrTlkrSex x DistrType x Order), revealed no significant interaction

[‰2(1) = 0.337, p = 0.561]. The final model did not include interaction terms.

Model comparison revealed a highly significant main e�ect of distractor talker

sex (p < 0.001) and a significant e�ect for familiarity with the language of the

speech distractor (p = 0.029), although, the estimated mean di�erence (0.03) is very

small. Similarly, there was a significant main e�ect of Order (p = 0.014), whilst

the overall DC improvement in the second run was again very small (-0.03). The

lack of interaction between Order and the other predictors implies that the main

e�ect of Order was the same across the predictors with an overall improvement

in the second run. The e�ect size, Cohen’s d, for Order (d = 0.205) was small.

The e�ect size for language was considered ‘negligible’ (d = ≠0.181) and is much

smaller than that for the talker-sex (d = ≠2.494, ‘large’).

Table 2.6: 2 x 2 x 2 mixed-e�ects model for SRdTs measured in experiment II across all
subjects (nobservations = 112; nsubjects = 13). Significant p-values are marked as bold.

SRdT ≥ DistrTlkrSex + DistrType + Order + (1 | Subjects)

Main e�ects Df ‰
2

p

DistrTlkrSex 1 151.26 <0.001

DistrType 1 4.76 0.029

Order 1 6.06 0.014

Fixed e�ects Estimated mean di�erence SE 95 % CI

intercept 0.48 0.02 0.44 – 0.52

DistrTlkrSex (same-sex) 0.24 0.01 0.21 – 0.26

DistrType (MDR) 0.03 0.01 -0.05 – 0.00

Order (2) -0.03 0.01 -0.06 – -0.01
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2.3.3 Discussion

2.3.3.1 Within-session test-retest reliability

Reliability of the outcome measure is an important requirement for both research and

clinical use. Reliability reflects the degree to which a test measure is reproducible

when measured by the same listener at di�erent points in time. Low reliability

negatively a�ects the test sensitivity, thus making it di�cult to detect di�erence in

scores across di�erent test conditions and/or to distinguish whether the listener’s

score falls within the normal range (Cameron & Dillon, 2007a). Test-retest reliability

analysis of the listeners SRdTs showed no significant di�erence between the first and

the second run across the di�erent test conditions with estimated mean di�erence

ranging between 0.014 to 0.047. Thus, the switching task appears to provide reliable

and reproducible results which is an important requirement for a clinical tool.

2.3.3.2 Score reproducibility — a comparison between experiment I
and II

Overall, there was a fairly good agreement in SRdTs obtained in experiments I

and II across the di�erent test conditions, whereby both experiments showed the

same trend of decline in performance when a speech distractor was introduced,

with a further decline in performance when the distractor talker was the same

sex as of the target talker. Nonetheless, Figure 2.9 reveal a small but noticeable

positive shift in SRdTs (i.e., poorer performance) as well as a larger variance in

the first experiment than in the second experiment. Furthermore, a statistical

analysis revealed a significant di�erence in performance averaged across conditions

(p < 0.01), albeit the e�ect-size (Cohen’s d = 0.264) is considered small.

There are several factors that may have contributed to the observed di�erences

in scores. The smaller variability in the SRdTs in experiment II may have been

partially as a result of averaging the listeners scores across the two runs, reducing

their variability. In experiment I on the other hand, the listeners were presented

only once with each test condition. Another, less likely contributing element stems
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from the di�erent ways the listeners’ response was recorded. Typically, in listening

tasks that use (non-matrix) everyday sentences, the examiner records the listeners’

verbal response. This method was used in experiment II. The self-scoring method

we used in the first experiment was deemed lengthy and may have increased the

testing error by imposing fatigue and decline in motivation which may explain the

overall small trend of poorer SRdTs in experiment I.

Nonetheless, probably the most influential factor responsible for the di�erence

in scores may be due to di�erences in the distractor stimuli. In the first experiment,

the speech distractor consisted of a random segment taken from a long passage

recorded by a single talker. To maximise the similarity between the target and the

distractor, the male talker was chosen to have similar voice characteristics as for the

target male voice. In experiment II however, each distractor originated from ten

di�erent talkers with a varying voice characteristics, from which a short segment

was selected at random every trial. The good agreement in performance between the

two experiments in the opposite-sex condition (see Figure 2.9) suggests that when

reliable di�erences in F0 were available, variations in voice characteristics had only

a negligible e�ect on the listener’s performance. The IM e�ect in the opposite-sex

distractor talker(s) is likely to be dominated by top-down attentional processing

of object-selection, related to target-distractor uncertainty, and may be supported

by cues such as phonological cues, semantic content and spatial separation. Such

masking interference can take place even when the target and the distractor signals

are well formed. The magnitude of the distractor interference also depends on

similarity between the two streams in terms of their voice characteristics. Listeners

are able to use F0 di�erences as little as 6% to considerably improve identification

of two simultaneous vowels (Brokx & Nooteboom, 1982). F0 cues are known to

facilitate speech perception in noise (e.g., Binns & Culling, 2007; Miller et al.,

2010), helping the listener to easily latch onto the target signal after being “lost”

by the distractor or by occurrence of an unvoiced speech sound. As for same-sex

condition, IM is most likely to be attributed to bottom-up processing, driven by
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target-distractor similarities (e.g., pitch and prosody) that hinder object formation.

One possible explanation for the improved intelligibility in the second experiment

may be assigned to the larger set of talkers, resulting in larger variation in talker

voice characteristics than in the first experiment which consisted of only a single

talker. It is possible that in the second experiment some talkers were more similar

to the target talker than others, and that talkers that had less in common with the

target talker significantly improved performance when trials were averaged together.

2.3.3.3 E�ects of distractor’s language familiarity and talker sex on IM

One of the main objectives of the second experiment was to examine the role of

the semantic content of a distractor on IM in the switching task. The distractor’s

semantic content was controlled by having distractors spoken in a language that

the listeners are or are not familiar with.

To our knowledge, no other study has attempted to investigate the components

of IM involved in a speech-on-speech listening as presented here; where the target

and the distractor signals are interrupted and periodically switched between the

two ears out-of-phase with one another. Perhaps the most striking outcome of the

first experiment was that only speech distractors impaired task performance. In the

absence of a noticeable masking e�ect for the non-speech distractors, one possible

explanation to this is that the ability to ignore a competing talker and to focus

on the target talker is hindered by the distractor’s semantic content. We therefore

hypothesised that the unfamiliar speech distractor in the second experiment will

produce smaller masking interference, resulting in better performance than for

the familiar speech distractor. However, in contradiction to our expectation, the

listeners did not display a masking release when the target speech was presented with

an unfamiliar speech distractor (MDR), with only small di�erence in performance

between the two speech types (ENG vs. MDR). In addition, the non-significant
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interaction between the distractor type (familiar/unfamiliar) and distractor talker-

sex (same/opposite), indicates that the e�ect of distractor’s talker sex was the same

in both distractor types.

The findings in the present study corroborate earlier studies (Brungart &

Simpson, 2002; Carlile & Corkhill, 2015; Freyman et al., 2001; Summers &

Roberts, 2020), and further support the idea that in some more challenging listening

tasks, non-energetic/central masking can also be produced for unfamiliar (i.e., non-

intelligible) competing speech. The results further confirm the involvement of other

factors than semantic content in masking such as MM and attention. Furthermore,

although the use of FxNx speech-like distractor in experiment I did not produce a

similar masking e�ect, it would be interesting to see if we can get a similar masker

interference in the task using the garbled speech distractor as used by Carlile and

Corkhill (2015) or an unintelligible three-formant buzz-excited vocoded speech as

proposed by Summers and Roberts (2020).

2.4 General discussion and conclusion

The results in the first experiment showed that perception of switched speech

presented with an interleaved speech distractor taps into an aspect of IM that is

highly specific, and not probed by non-speech distractors. The results in the present

study were comparable to those obtained by Akinseye (unpublished BSc thesis,

2015) for Quiet and ENGopposite≠sex conditions, and are in accordance with other

studies that used interrupted or alternated speech.

We did not observe IM for non-speech distractors, not even for the most “speechy”

one (FxNx) and with no other obvious explanation for the lack of IM, we speculated

this may be due to the lack of semantic and linguistic information in the nonspeech

distractors. Presumably, higher level perceptual cues of lexical and prosodic speech
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information were prioritised by the listeners over more fine-grained lower-level of

acoustic segmentation cues (such as F0 and TFS). Nonetheless, the results of the

second experiment speak against this explanation, where we found no or minimal

masking release for a speech distractor spoken in an unfamiliar language (MDR). The

small di�erence in IM due to language familiarity could also arise from di�erences

between the talkers. Nevertheless, this is likely to be a less of a factor because

several talkers were used and not just one.

Moreover, in corroboration with other studies (e.g., Brungart et al., 2001; Festen

& Plomp, 1990), the results of the present study demonstrate that similarity

between the target and distractor has a large influence on the amount of IM that

is produced. A distractor talker of the same sex as the target talker was found to

elicit significantly more IM (i.e., poorer performance or larger DC) than a distractor

spoken by a talker from the opposite sex to the target talker. Nevertheless, this was

only the case for speech distractors, no matter if they were intelligible (ENG) or not

(MDR). No IM was found for the non-speech distractors, despite being generated

from features extracted from the original speech distractors. The increase in IM

for same-sex distractor talker is likely to be caused by a combination of bottom-up

failure in object formation in addition to the impaired top-down object selection

elicited by an opposite-sex speech distractor.

The amount of IM produced by a speech distractor can vary depending on

various voice characteristics of the distractor talker and its similarity to the target

talker voice. While the distractors used in the first experiment originated from one

realisation spoken by a single talker, in the second experiment, each of the speech

distractors (ENG and MDR) comprised of di�erent speech passages, spoken by

twenty di�erent talkers (10 same-sex and 10 opposite-sex), with a total of forty

di�erent speech passages. A comparison with the listeners performance in both

experiments showed a fairly good agreement, indicating that listeners’ ability to
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use voice characteristics as cues to segregate sound streams is robust to variations

in voice characteristics across talkers.

In conclusion, the present study investigated the utility of a novel speech-on-

speech listening task that involves perception of interrupted speech that is switched

between the two ears out-of-phase with an interrupted distractor. The proposed

paradigm enables us to eliminate peripheral (EM) masking, while maintaining

high IM for speech distractors. Providing this “purer” measure of IM may aid in

disentangling the reasons why di�erent groups of people experience di�culties in

adverse noisy listening situations. One such group is children with developmental

auditory processing disorder (APD). APD children typically express di�culties in

understanding speech in noisy environments (e.g., a classroom), despite having

normal peripheral hearing. There is a growing notion that APD arises from higher-

level cognitive deficits (e.g., de Wit et al., 2018; Moore et al., 2010). Since the

switching task taps into attentional or other cognitive aspects, it may be useful in

better understanding the underlying causes of APD.

More research is required to further understand the underlying mechanisms

involved in the switching task. For example, the extent to which listeners are able

to obtain information from both ears, as opposed to attending to one ear only,

cannot be drawn from the present results and is yet to be examined. The underlying

assumption is that the task necessitates sustained and selective attention functions

in order to attend to the target signal and to integrate the short-term binaural

glimpses of auditory information across the two ears. Nonetheless, determining

whether the listeners are attending both ears or only one ear while they carry

out the task may be challenging to confidently estimate. Future studies could for

instance compare the listeners’ performance with an additional monotic listening

configuration, where only the information from either the left or the right ear is

presented (i.e., presentation of a single channel out of the binaural stimuli), as

opposed to a binaural configuration in which the stimuli are fully preserved when the
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switched segments are combined across the two ears. Another interesting direction

could be to investigate the influence of the speech material (as in its structure and

complexity) on performance. Future studies will explore the feasibility of a test

version that uses CRM-type sentences (Bolia et al., 2000), e.g., ‘Show the <animal>

where the <colour> <digit> is’. Furthermore, the ability to attend to the target

speech while ignoring a competing distractor can be estimated using a distractor

with the exact same structure as the target sentence. Several studies used this

technique to estimate the distractor-related response error in CRM sentences (e.g.,

Brungart et al., 2001). The ‘distractor error’ reflects the distractor’s intrusion,

indicated by a response that corresponds with the distractor word rather than the

target word. A distractor error reflects attentional aspects of IM, meaning that

the listener attended to the wrong stimulus. Such a test version may have several

other advantages. It reduces the role of language skills due to the fixed and simpler

sentence structure, thus making the task more suitable for both children and adults

and potentially for non-native speakers. It also eliminates the need to verbally recall

the keywords and enables an automatic testing, negating the need of the examiner

to manually score the listeners’ responses.
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3.1 Introduction

Findings in Chapter 2 showed that perception of switched speech presented with an

interleaved speech distractor taps into an aspect of IM that is highly specific, and

not probed by nonspeech distractors (however, it was only tested for one SNR, 0 dB;

see Section 2.2.3 in the previous Chapter). Furthermore, in corroboration with other

IM studies, it is shown that a distractor talker of the same sex as the target talker

induced significantly more target interference (i.e., poorer SRdTs) than a distractor

spoken by a talker from the opposite sex to the target talker (Brungart et al., 2001;

Festen & Plomp, 1990), thus, indicating that similarity and uncertainty between

the target and the distractor have a large influence on the amount of IM that is

produced. The first experiment in Chapter 2 used a speech distractor comprising of

a passage spoken by a single talker, whereas in the second experiment each speech

distractor comprised of di�erent passages spoken by twenty di�erent talkers. The

good agreement between the results in the two experiments suggests that talker

characteristics had only a small e�ect on the listeners’ performance, and secondly,

that the listeners’ ability to use voice characteristics as segregation cues was robust

to variations in voice characteristics across talkers.

The present study aimed to investigate a more fundamental aspect of the

switching task by examining the extent to which listeners are using both ears as

opposed to attending only one ear in order to understand the target stimuli. For

this we presented the listeners with three listening configurations: (1) binaural,

whereby the binaural information was fully preserved by presenting the stimuli in

both ears as in the previous chapter, (2) monaural, in which only information in

one ear was presented, with only half of the stimuli available to the listener, and (3)

loosely monaural, where the target segments were presented only in one ear, while

the distractor segments were fully preserved in the two ears.
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The second objective was to develop and evaluate the application of a sim-

plified version of the task and to compare the performance between the two test

versions. The new version uses the matrix-based Children’s Coordinate Response

Measure (CCRM) corpus, which is a locally developed version of the Coordinate

Response Measure corpus (CRM, Bolia et al., 2000), e.g., ‘Show the < animal >

where the < colour > < digit > is’. The CCRM sentences may have several

advantages compared with the ASL sentences. They reduce the role of language

skills due to the fixed and simpler sentence structure, thus making the task more

suitable for both children and adults and potentially for non-native speakers. It

also eliminates the need to verbally recall the keywords and enables automatic

testing, negating the need of the examiner to manually score the listeners’ responses.

Moreover, because of the their fixed syntactic structure, it is possible to present

competing CCRM-type sentences as distractors and thereby to introduce higher IM

by increasing the demands on auditory stream segregation and selective attention,

than compared with the ASL sentences where syntax and semantic similarities

between the masker and the target are minimal. Therefore, this new test version

(ST-CCRM) may be more sensitive to APD than the ASL version (ST-ASL). In

order to examine this e�ect, the target sentences were presented with the same

unrelated English phrases as a distractor as used in Chapter 2 (i.e., ENG), as well

as CCRM-type sentences as a distractor (CCRM). In order to avoid floor e�ects,

which implies that performance has reached the highest DC possible (especially

later on when testing children), the distractors were spoken by talkers from the

opposite-sex (female, ‘F’) to the target talker(s) (male).

We hypothesised that the listeners’ intelligibility will be the highest when the

stimulus information from both ears is available (binaural configuration), and will be

reduced in the monaural configuration where only half of the stimuli are available to

the listener in one ear, and the poorest in the loosely monaural configuration where

the target segments are only presented in one ear while the distractor segments are

presented at both ears, thus adding additional distractor interference at both ears.
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3.2 Methods

3.2.1 Participants

Sixteen young adults who were native British English speakers participated in the

study (mean age 20.7 ± 3.1 years, ranging from 18 to 29 years, 10 females). Recruit-

ment criteria were the same as described in Chapter 2, whereby participants were

recruited from the UCL psychology subject pool and were paid for their participation

or given course credit. All the participants were tested to have normal hearing

acuity, defined by air conduction pure tone audiometric thresholds Æ 25 dB HL

for frequencies between 0.25 to 8 kHz (left ear: PTA4 = 2.2 ± 2.8 dB HL; right

ear: PTA4 = 0.9 ± 2.7 dB HL; see Figure 3.1). Two participants were excluded

since they were unable to complete the second testing session.
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Figure 3.1: Individual pure-tone detection thresholds plotted seperately for the left and
the right ear (black lines). The shaded grey area represents the range of the audiometric
threholds and the white line represents the mean at each frequency across the listeners.
The dashed red line represents the normal hearing criteria of detection thresholds Æ 25
dB HL.

3.2.2 Stimuli

The target stimuli comprised of sentences taken from two types of speech material.

The first were the ASL sentences (MacLeod & Summerfield, 1990), e.g., ‘the clown
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had a funny face’, spoken by a single male talker, and presented in an open-set

procedure as used in the second experiment in Chapter 2. The sentences were scored

by the experimenter using loose keyword scoring method (i.e., errors of case or

declension were considered as correct responses). The second type of sentences were

taken from the CCRM corpus, which is a locally developed child friendly version

of the Coordinate Response Measure corpus (CRM, Bolia et al., 2000), yet is also

equally suitable for adults. The CCRM sentences are matrix-based with a simple

fixed syntax of a carrier phrase ‘show the < Animal > where the < Colour >

< Digit > is’, with a set of six animals (‘cat’, ‘cow’, ‘dog’, ‘duck’, ‘pig’, and ‘sheep’),

six colours (‘black’, ‘blue’, ‘green’, ‘pink’, ‘red’, and ‘white’), and eight digits (from

‘one’ to ‘nine’), excluding ‘seven’ as it is bisyllabic and thus may be more recognisable.

The target sentences always started with the animal ‘dog’, whereas colour and

digit words were varied randomly across trials. A closed-set scoring procedure was

used, where the listeners were instructed to select the colour-digit combination they

heard from an array of six coloured grids which was displayed on the screen, each

containing eight possible digits (see Figure 3.2). Although the number of test items

is small, the speech material has low semantic predictability with a guessing rate

of only about 2% (1/48). This is because a response was counted as correct only

when both the target colour and digit were selected correctly. The listeners were

instructed to guess if unsure as only by selecting a digit from one of the colour

grids prompted the presentation of the next trial. Visual feedback was given for

a correct/incorrect response by displaying a smiling/sad image of a bear instead

of the dog picture. No feedback was given for the ASL sentences. Although using

target sentences spoken by a single talker can be advantageous as it minimises

performance variability, it is also possible that the listeners learn to use specific

cues that may be relevant only to the particular talker used in the study and thus

the results may not be directly generalised. Therefore, in the present study, the

CCRM target sentences were spoken by three di�erent male talkers which varied at

random on a trial-by-trial basis.
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Figure 3.2: The CCRM self-scoring response array which was displayed on the screen
during the testing.

Both the ASL and the CCRM target sentences were presented on their own

without a distractor (Quiet) and with a competing speech distractor as it was

shown in the earlier experiments to exert the largest IM. The target sentences were

presented with the same English unrelated connected-speech passages (ENG) as

described in experiment II, spoken by ten di�erent female talkers (opposite-sex)

which were selected at random in each trial. Nonetheless, since the syntax of the

CCRM sentences is relatively simple and fixed, presenting them with competing

unrelated speech is likely to exert a smaller IM, making it relatively easier for the

listener to attend to the target speech while ignoring the distractor than for the ASL

sentences. To investigate this, the CCRM target sentences were also presented with

CCRM-type sentences spoken by three di�erent female talkers (opposite-sex) with a

di�erent animal, colour and digit, chosen at random. The listeners were instructed

to listen to any male talker starting with the priming animal ‘dog’, while ignoring

the female talker starting with any other animal. Unlike the ASL test version, all

the CCRM distractors (speech/non-speech alike) started together with the target

sentence. Since the original sentences varied in length, there was a possible risk that
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in some trials the distractor would be shorter than the target sentence, leaving the

end of the target sentence unmasked. To minimise such cases, the duration of the

sentences was equalised across the di�erent talkers to be of a similar length using

the ‘respeed’ feature in the SFS software (version: SFSWin 1.9, Huckvale, 2013).

The program changes the speaking rate without change in pitch and is based on the

Synchronised Overlap-Add (SOLA) algorithm introduced by Roucos and Wilgus

(1985). The change in speed was employed by a relative rate change factor, where

a factor of 2 means changing the signal’s rate to be twice as fast, a factor of 0.5

for half as fast, and 1 for unchanged speed. The rate change factor was calculated

by subtracting the desired duration (median duration of all sentences of 2.17 s)

from the duration of each sentence. As a final step, each sentence was manually

corrected to ensure natural sounding and avoiding artefacts. The median duration

of the final sentences was 2.17 s with a maximal di�erence in length of circa 0.4 s,

which is conveniently about the same length of the ending word ‘is’ in the carrier,

thus reducing the possibility that one of the target words was left unmasked.

The target (Tar) and distractor (Dstr) segments were presented in three listening

configurations (see Figure 3.3): (1) binaural (TarB+DstrB), in which the stimuli

are fully preserved when the segments of the stimuli from both ears are combined,

(2) monaural (TarM+DstrM ), where only information in one ear is presented,

with only half of the stimuli available to the listener, and (3) loosely monaural

(TarM+DstrB) where the target segments are presented only in one ear, while the

distractor segments are fully preserved.

3.2.3 Procedure

The testing comprised of two sessions with a total duration of circa 1.5 hours which

took place at a sound attenuated chamber at the SHaPS, UCL laboratory. The

stimulus was presented at a fixed output level of circa 70 dB SPL via headphones

using the exact same equipment and software as described in Chapter 2. Similarly,
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Figure 3.3: Schematic of the switching task listening configurations: Binaural
(TarB+DstrB), Monaural (TarM+DstrM), and Loosely monaural (TarM+DstrB). The
target speech (Tar) and the distractor (Dstr) segments are represented by the black and
grey bars respectively. The ear of presentation (left/right) is given on the y-axis as a
function of time.

the exact same adaptive procedure was used for both speech materials as used in

the previous experiments. The initial DC was 0.97, with an initial step-size of 0.12

which was gradually decreased over the first three practice reversals until reaching

0.05. A run was completed following 3 practice and 4 test reversals or ended if the

maximal number of trials of 30 was reached. All the listeners completed the run

successfully before reaching the maximal number of test trials. The first session

comprised of ten conditions (x4 ASL; x6 CCRM), where the target speech was

presented with each background stimulus Quiet, ENG_F, and CCRM_F for the

CCRM material only in the binaural and the monaural listening configuration.

The second session comprised of six conditions (x2 ASL; x4 CCRM), where the

target speech was presented with each background stimulus in the monaural and

the loosely monaural listening configurations.

Each session started with a practice phase, comprising of a run with five trials

for each of the test conditions. The initial DC was set to 0.75 in order to familiarise

the listeners with the adaptive procedure. Due to low semantic predictability of the
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CCRM sentences, with 240 possible combinations as distractor sentences (i.e., 5

animals x 48 colour-digit pairs), the same sentences were used for practice. Whereas,

as before, since the number of ASL sentences is limited and because they cannot be

re-used within a session due to their high semantic predictability, we used the BKB

sentences instead for the practice phase. In addition, each test run started with a

short practice of three trials to familiarise the listener with the test condition that

was about to be presented. The listener’s test ear for the monaural condition was

assigned at random and was counter-balanced across the listeners. The test ear was

the same in both speech materials and was fixed across the sessions. The order of

the test conditions was pseudo-randomised using the Mix() utility (van Casteren

& Davis, 2006) to ensure a fairly balanced frequency of condition per order. In

addition, to account for order or fatigue e�ects, the order of presentation of the

two test materials was counter-balanced across the listeners, where about half

of the listeners started the session with the ASL sentences, while the other half

started with the CCRM sentences. In total, 14 test conditions were recorded per

listener where listeners were presented only once with each test condition, except

for conditions measured with the monaural configuration which was tested twice,

once in each session.

3.3 Results

3.3.1 Test-retest

First, since listeners were presented with the TarM+DstrM configuration twice, once

in each session, di�erences in performance between the two sessions were examined

(i.e., test-retest). The listeners’ SRdTs recorded in the first and the second session

are plotted in Figure 3.4. The scatterplot illustrates that most observations are

relatively close to or on the diagonal line which represents an identical performance

in session one and two. It is also noticeable that the spread in performance was

considerably smaller for the ASL than for the CCRM speech material. This spread
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seems to arise from a floor e�ect, with several observations reaching the SRdT

upper limit (0.97), which implies that it was not possible to make the trials easy

enough in order for the listener to understand 50% of the keywords correctly.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Run 1 (SRdT's, proportion of duty cycle)

R
un

 2
 (S

R
dT

's
, p

ro
po

rt
io

n 
of

 d
ut

y 
cy

cl
e) Material

ASL
CCRM

Background
ENG_F
CCRM_F

Figure 3.4: Test-retest: SRdTs obtained for TarM+DstrM (monaural) listening
configuration in testing session 1 (x-axis) and testing session 2 (y-axis). Indivdual
SRdTs are represented by the di�erent shapes and colours, corresponding to the distractor
types ENG_F (circles) and CCRM_F (triangle), presented with the ASL (red) or CCRM
(cyan) speech material. The diagonal line represents the same score in both sessions. The
dashed lines represents the task’s lower and upper DC limit of 0.05 and 0.97.

Next di�erences between the testing sessions were statistically tested. Inspection

of the data for parametric assumptions revealed that the homoscedasticity of

variance was met, while the assumption of normal distribution was rejected for

the ASL and the CCRM data measured with the ENG_F distractor. This is

not surprising, given the small spread in performance in the ASL speech material.

Therefore, a noneparametric method was preferred using Wilcoxon rank-sum tests

with permutation (n = 999999) (wilcox_test() function, coin package, Hothorn

et al., 2006). Descriptives and test results are shown in Table 3.1. There was no

significant di�erence between SRdTs in the first and the second session across the
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test material and the distractor type (all p
Õ
s > 0.05). Therefore, since only the

TarM+DstrM condition was tested twice per subject, whereas the rest of the test

conditions were only measured once, the individual average score across the two

sessions was used for further analysis.

Table 3.1: Test-retest: Descriptive statistics and paired comparison rank-sum tests for
SRdTs obtained for TarM+DstrM (monaural) listening configuration in testing session 1
and 2 split by speech material (ASL/CCRM) and background type (ENG_F/CCRM_F).

Session 1 Session 2 Wilcoxon rank-sum test
Material Background n mean sd min max n mean sd min max 95%-CI p r magnitude
ASL ENG_F 14 0.89 0.09 0.65 0.95 14 0.89 0.07 0.77 0.95 -0.03 - 0.07 0.86 0.04 small
CCRM ENG_F 14 0.57 0.16 0.32 0.85 14 0.55 0.15 0.35 0.80 -0.11 - 0.15 0.87 0.04 small
CCRM CCRM_F 14 0.69 0.13 0.41 0.86 14 0.62 0.14 0.32 0.80 -0.05 - 0.15 0.21 0.3 moderate

3.3.2 Binaural benefit

Boxplots of the listeners’ SRdTs split by speech material, background type (Quiet,

ENG_F & CCRM_F) and listening configuration are shown in Figure 3.5. It is

apparent from the plot that binaural listening condition (in red) greatly improved

performance across both material- and distractor-type. There was a clear decrement

in performance for the monaural conditions (in green), whereas a further decrement

in performance was seen for the loosely monaural configuration (TarM+DstrB; in

blue), especially for the CCRM material. However, there is a clear floor e�ect for

ASL performance when presented with a distractor in the monaural configurations.

This makes it di�cult to determine whether the two monaural configurations

in the ASL material di�ered or not. Nonetheless, this experimental limitation

does not hinder the evaluation of this experiment’s main research question which

was to examine whether performance in the binaural and the loosely monaural,

or the binaural and the monaural configuration significantly di�ered from one

another. Furthermore, as expected, the CCRM sentences were generally more

intelligible than the ASL sentences, with considerably smaller SRdTs. However,

both materials showed the same trend in performance. Finally, as predicted,
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intelligibility for the CCRM-type distractors (CCRM_F) was poorer than for the

unrelated speech distractor (ENG_F).
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Figure 3.5: Boxplots of the listeners SRdTs split by speech material (ASL/CCRM), back-
ground type (Quiet, ENG_F and CCRM_F) and listening configuration (binaural: TarB
and TarB+DstrB; monaural: TarM and TarM+DstrM; loosely monaural: TarM+DstrB).
The boxes are colour-coded, with red, green, and blue, marking the binaural, monaural
and loosely monaural condition, respectively. The dashed lines represents the lower and
upper DC limit of 0.05 and 0.97.

Next, the di�erence between the listening configurations and between test

materials were statistically analysed with linear mixed-e�ects regression models

(LMEMs) using the lmer() function (lme4 package, Bates et al., 2015b). Parametric

methods assumption of homoscedasticity of variance was met, while the assumption

of normal distribution was rejected for the ASL data with the ENG_F conditions;

this is likely due to the floor e�ect seen for the monaural configurations. However,

since nonparametric tests gave similar results, it was decided to report here only

the outcomes of the parametric method.

The first 2 x 2 LMEM model examined the e�ect of speech material (ASL/CCRM)

and listening configuration (TarB/TarM) as fixed factors and random intercepts for
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subjects on the listeners SRdTs measured in the reference condition Quiet. There

was a significant interaction between material and configuration [‰2(1) = 9.04,

p = 0.002], thus indicating that performance for target sentences presented monau-

rally and binaurally in quiet was a�ected di�erently across the speech materials.

This interaction between listening configurations and speech material was further

examined using a model-based post-hoc t-tests comparison (see Table 3.2). The tests

found a highly significant di�erence in SRdTs between the listening configurations

in both speech materials (p < 0.001). Inspection of the model based estimated mean

di�erences indicated that there was no cross-interaction, with an overall decrement

in performance in both materials when presented with the monaural configuration.

This interaction is due to a bigger change in SRdTs between the two listening

configurations in the ASL sentences. This e�ect may be attributed to di�erences in

structure of the speech material and the way the listeners can use pieces of semantic

information to predict other parts of the sentences. Possibly, the listeners benefit

more from predictability of neighbouring words in the ASL sentences, where knowing

more about one word enables a better guess of the other words in the sentence,

than compared with the CCRM sentences, in which predictability of a single word

may be high, but knowing one word does not help to predict the other word.

Table 3.2: Quiet data: post-hoc paired-comparison t-tests for listening configuration
(TarB/TarM) by speech material (ASL/CCRM) interaction. The test was performed
on the fitted LMEM model and included adjusted least-squared-mean for the random
intercepts (subjects) using the emmeans package (Lenth, 2020).

contrast material estimate SE Df 95% ≠ CI t p d magnitude

TarB - TarM ASL -0.45 0.03 45.23 -0.51 - -0.39 -15.10 < 0.001 -5.74 large
TarB - TarM CCRM -0.32 0.03 45.23 -0.38 - -0.26 -10.77 < 0.001 -3.28 large
* significant p-values (p < 0.05) are shown in bold.
† d: Cohen’s d.

Di�erences in SRdTs between the listening configurations for test conditions

with a distractor were examined separately since the number of levels for the

fixed factor Background was higher for the CCRM material. The ASL LMEM

model included a single fixed factor for listening configuration (TarB+DstrB,
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TarM+DstrM, & TarM+DstrB) and random intercepts for subjects (reference

level: TarB+DstrB), indicating a highly significant main e�ect of Configuration

(p < 0.001). As before, the e�ect of listening configuration was examined using

a model-based post-hoc t-tests comparison (see Table 3.4). There was a highly

significant di�erence between performance in binaural and the monaural configura-

tion (TarB+DstrB - TarM+DstrM) as well as between the binaural and the loosely

monaural configuration (TarB+DstrB - TarM+DstrB; both p
Õ
s < 0.001), whereas

there was no significant di�erence between the two monaural conditions (p = 0.31).

These findings are in agreement with our visual inspection where performance

in the two ASL monaural configurations were more similar. Last, data for the

CCRM speech material was tested using a 2 x 3 LMEM model with Background

(ENG_F/CCRM_F) and Configuration as fixed factors and random intercepts for

subjects (reference levels: Background = ENG_F; Configuration = TarB+DstrB).

A model without an interaction term was found to give the best fit (see Table 3.3).

Model comparison revealed a highly significant main e�ect of both Background

and Configuration (p < 0.001). As expected, the listeners’ SRdTs were significantly

lower (i.e., better) for ENG_F distractor than for the CCRM_F distractor with

an estimated mean di�erence of -0.12 (SE = 0.02, 95% ≠ CI = ≠0.27 ≠ ≠0.07,

Cohen’s d = -0.64, ‘moderate’ e�ect-size). Post-hoc examination for the main

e�ect of Configuration is given in Table 3.4, whereby there was a highly significant

di�erence between the binaural and the two monaural configurations, and between

the two monaural configurations (p < 0.001).

3.3.3 E�ect of speech material

Di�erences in performance between the two material types was separately tested

with the SRdTs from the common backgrounds in the two materials (namely, Quiet

and ENG_F) as a dependent variable. Di�erences in the reference conditions

(i.e., in quiet) were already presented in the previous section as part of a larger

model. Therefore, we next examined this in the ENG_F distractor. Inspection
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Table 3.3: ST-CCRM data: 2 x 3 LMEM model for SRdTs with Background (ENG_F
and CCRM_F) and Configuration (TarB+DstrB, TarM+DstrM, and TarM+DstrB) as
fixed factors and random intercepts for subjects. Reference levels: Background = ENG_F,
Configuration = TarB+DstrB.

SRdT ~ Background + Configuration + (1 | Subjects)
Main e�ects Df ‰

2
p

Background 1 21.36 <0.001
Configuration 2 84.55 <0.001
* significant p-values (p < 0.05) are shown in bold.

Table 3.4: ASL and CCRM data: post-hoc paired-comparison t-tests for listening
configuration (TarB+DstrB, TarM+DstrM, and TarM+DstrB) per speech material
(ASL/CCRM). The test was performed on the fitted LMEM model and included adjusted
least-squared-mean for the random intercepts (subjects) using the emmeans package
(Lenth, 2020).

contrast estimate SE Df t p 95% ≠ CI d magnitude

ASL
TarB+DstrB - TarM+DstrM -0.29 0.03 30.15 -11.20 < 0.001 -0.36 - -0.23 -3.38 large
TarB+DstrB - TarM+DstrB -0.34 0.03 30.15 -12.88 < 0.001 -0.4 - -0.27 -4.32 large
TarM+DstrM - TarM+DstrB -0.04 0.03 30.15 -1.69 0.31 -0.11 - 0.02 -0.91 large

CCRM
TarB+DstrB - TarM+DstrM -0.24 0.03 73.13 -8.10 < 0.001 -0.32 - -0.17 -2.08 large
TarB+DstrB - TarM+DstrB -0.35 0.03 73.13 -11.68 < 0.001 -0.42 - -0.28 -2.57 large
TarM+DstrM - TarM+DstrB -0.11 0.03 73.13 -3.58 < 0.001 -0.18 - -0.03 -0.81 large

* significant p-values (p < 0.05) are shown in bold.
† d: Cohen’s d.

of the data for linear model residuals revealed that the assumption of normality

was met whereas the assumption of homoscedasticity of variance was violated

for the ASL data. Nevertheless, both parametric and nonparametric tests gave

similar results, therefore, we present here only the results from the parametric

method. For this we used a 2 x 3 LMEM model with Material (ASL/CCRM) and

Configuration (TarB+DstrB, TarM+DstrM, & TarM+DstrB) as fixed factors and

random intercepts for subjects (reference levels: Material = ASL, Configuration =

TarB+DstrB). The final model that gave the best fit did not include an interaction

term, thus indicating that the e�ect of listening configuration did not depend on the

material type. However, there was a highly significant main e�ect of both Material

and Configuration (p < 0.001). The listeners’ SRdTs were significantly lower (i.e.,

better) for the CCRM sentences than for the ASL, with an estimated mean di�erence

96



3. Binaural listening – interrupted and alternated speech-in-noise in adults:

Dichotic vs. monotic presentation and the influence of speech material

of -0.30 (SE = 0.02, 95%≠CI = ≠0.27≠≠0.07, Cohen’s d = 1.81, ‘large’ e�ect-size).

Post-hoc paired comparison t-tests for the main e�ect of listening configuration

averaged across speech material revealed once again a highly significant di�erence

between the binaural and both monaural configurations (p < 0.001), whereas

no significant di�erence was found for performance between the two monaural

configurations (p = 0.07) (see Table 3.5). Two separate models without data from

the TarM+DstrB or TarM+DstrM configurations revealed similar results, thus

suggesting that the lack of Material x Configuration could be explained due to a

floor e�ect for the ASL material in both monaural configurations.

Table 3.5: ENG_F data: post-hoc paired-comparison t-tests for the main e�ect of
listening configuration (TarB+DstrB, TarM+DstrM, and TarM+DstrB). The test was
performed on the fitted LMEM model and included adjusted least-squared-mean for the
random intercepts (subjects) using the emmeans package (Lenth, 2020).

contrast estimate SE Df t p 95% ≠ CI d magnitude

TarB+DstrB - TarM+DstrM -0.26 0.02 73.13 -11.22 < 0.001 -0.32 - -0.21 -1.50 large
TarB+DstrB - TarM+DstrB -0.32 0.02 73.13 -13.54 < 0.001 -0.38 - -0.26 -1.82 large
TarM+DstrM - TarM+DstrB -0.05 0.02 73.13 -2.33 0.07 -0.11 - 0 -0.30 small
* significant p-values (p < 0.05) are shown in bold.
† d: Cohen’s d.

3.4 Discussion

The primary aim of the present chapter was to determine whether listeners are

attending to both ears or only one ear when they carry out the switching task.

Based on the findings in Chapter 2, we specifically chose to use speech distractors

as they were shown to impact intelligibility the most. In order to tease apart the

di�erent binaural aspects in the task, the listeners were presented with di�erent

listening configurations. It was predicted that intelligibility would be the highest

in the binaural configuration, with a gradual reduction in intelligibility for the

monaural configurations. Intelligibility would be the poorest when the target

segments are presented monaurally with a binaural distractor, which was expected

to add additional distractor interference. The second objective was to develop
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and evaluate the application of a simplified version of the task which uses CCRM

sentences and to compare the performance between the two test versions. It was

hypothesised that SRdTs will be generally improved in the ST-CCRM version, yet

that the overall trend for IM or listening configurations would be similar to that in

the ST-ASL version.

Binaural listening has been shown to significantly improve performance in the

task across all test conditions, regardless of whether the target sentences were

presented alone or with a distractor. For example, when the listeners were presented

with the target sentences alone, in order to understand 50% of the sentence correctly,

they required about 2.5 longer duration of audible target glimpses per period

(160 ms) for the ASL monaural configuration and about 3.3 times longer (100 ms)

for the CCRM sentences when compared with the binaural configurations (64 ms

and 30 ms, respectively). Moreover, monaural target sentences with a binaural

distractor (TarM+DstrB) further degraded performance only for the CCRM. The

non-significant e�ect in the ASL material was most certainly caused by a floor e�ect

for the TarM+DstrB and possibly also for the TarM+DstrM configuration, where

many SRdTs reached the upper limit of the task (DC = 0.97). Consequently, the

true performance at these conditions was unknown, with no good way to predict the

listeners behaviour outside the possible performance range. These results provide

an important insight into a possible limitation of the task, demonstrating that

extra care should be made when choosing di�erent test parameters. An ideal test

condition should aim to not hinder intelligibility too much, risking that performance

cannot be made easy enough, or vice versa it should not be too easy, in order to

be able to accurately assess the listeners’ SRdTs. It is likely that these parameters

would vary in di�erent groups such as adults and children or listeners with listening

di�culties.

Overall the two types of speech material displayed a similar trend in performance,

thus confirming the feasibility of the ST-CCRM. In accordance with our expectations,

98



3. Binaural listening – interrupted and alternated speech-in-noise in adults:

Dichotic vs. monotic presentation and the influence of speech material

the performance for the CCRM sentences was found to be more intelligible, with

considerably lower SRdTs, than for the ASL sentences. This was visually supported

by Figure 3.5 and by the significant main e�ect of Material in the LMEM model for

the ENG_F data. However, when the target sentences were presented without a

distractor, the listeners were found to be a�ected more by the monaural configuration

for the ASL than for the CCRM speech material (indicated by the significant

Material x Configuration interaction). This was because listening configuration

had a bigger e�ect on performance in the ASL, with larger range of SRdTs, than

in the CCRM sentences. This e�ect may be ascribed to structure di�erences

between the two speech materials, wherein the listeners may have benefited more

from higher semantic predictability of the ASL sentences than compared with the

CCRM sentences. This postulation may be supported by Schoof (2014), which

found that people benefited more from target glimpses when presented with simple

BKB sentences (Bench et al., 1979), than with more complex IEEE sentences (e.g.,

“The birch canoe slid on the smooth planks”, Rothauser et al., 1969) in amplitude

modulated noise.

Furthermore, the higher intelligibility for the CCRM sentences is mainly at-

tributed to the fixed syntactic structure of the CCRM sentences and to the small

set of test items (8 digits and 6 colours). In addition, the test items di�er in their

phonemes, thus resulting in a relatively low confusion between test items within a

set. For example, the digit ‘six’ has a unique sounding when compared with the

remaining digits, similarly the pair of colours ‘pink’ and ‘black’ are more similar to

one another than the other colours. Because of the high familiarity with the test

items it seems that the listeners only need to hear a short snippet of them in order

to distinguish it from the rest. Thus, while the theoretical guess rate is only about

2% when the listeners are presented with the stimulus, they only need to access

a relatively small number of cues to disambiguate the responses.
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Finally, as predicted, the CCRM_F distractor was found to induce significantly

higher IM than the unrelated-connected speech distractor (ENG). This finding is in

corroboration with other studies which used similar speech material (e.g., Brungart

et al., 2001; Mair, 2013), providing further support for the idea that similarity and

uncertainty between the target and the distractor have a large influence on the

amount of IM.

3.5 Conclusion

It is clear from the results of this chapter that listening with two ears is important to

the switching task, and that listeners cannot get higher intelligibility or a measurable

release from masking when only attending to one ear when the stimuli is presented in

both ears. The results thus indicate that listeners must be attending to the switching

glimpses between the two ears over time in order to get this ‘binaural benefit’. With

no overlap between the target and masker signal in the periphery, the switching task

enables us to eliminate EM, while maintaining a high IM, thus providing a “purer”

measure of IM. Integration of glimpsed auditory streams in a complex listening

situation is thought to involve various bottom-up spectro-temporal cues, and top-

down perceptual based features such as selective attention, or semantics (cf. Calcus

et al., 2020). The underlying assumption in the switching task is that it necessitates

sustained and selective attention functions in order to attend to the target signal

and to integrate the short-term binaural glimpses of auditory information across the

two ears. The switching task has not been used very much, and many properties

of the task are yet to be investigated. For instance, while a 5 Hz switching rate

should be su�cient in order for the listeners to resolve the temporal dips at each

ear, the exact resolution that it is possible for that ability to selectively attend

to the switched information from one ear to the other could be higher or lower

than 5 Hz (cf. Culling & Mansell, 2013). Therefore this requires further investigation.
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Furthermore, the ASL and the newly developed CCRM test version showed a

similar trend in performance, thus confirming the feasibility of a CCRM version

for future studies. In accordance with our predictions, the performance for the

CCRM sentences was more intelligible than for the ASL sentences across the test

conditions. It is therefore conceivable that the CCRM test version may have to some

extent reduced the influence of higher-level linguistic or other cognitive processes,

thus making the task more suitable for both children and adults, and potentially

non-native speakers.

101



4
Association between specific higher-level

auditory and cognitive processing aspects
with APD in children

Contents
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.2.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.2.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . 118
4.2.3 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.2.4 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . 130

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.3.1 Standard audiometry . . . . . . . . . . . . . . . . . . . . 133
4.3.2 EHF audiometry . . . . . . . . . . . . . . . . . . . . . . 136
4.3.3 ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
4.3.4 LiSNS-UK & SSN . . . . . . . . . . . . . . . . . . . . . 161
4.3.5 ENVASA . . . . . . . . . . . . . . . . . . . . . . . . . . 166
4.3.6 CELF-RS . . . . . . . . . . . . . . . . . . . . . . . . . . 171
4.3.7 Questionnaires . . . . . . . . . . . . . . . . . . . . . . . 173

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

4.4.1 Overall performance . . . . . . . . . . . . . . . . . . . . 177
4.4.2 Developmental trends (age-e�ect) . . . . . . . . . . . . . 182
4.4.3 Di�erences in performance between TD children with and

without APD sibling . . . . . . . . . . . . . . . . . . . . 187
4.4.4 Peripheral hearing evaluation . . . . . . . . . . . . . . . 189
4.4.5 Central auditory evaluation . . . . . . . . . . . . . . . . 192
4.4.6 Interaction between measures . . . . . . . . . . . . . . . 202
4.4.7 Exploratory predictors . . . . . . . . . . . . . . . . . . . 212

102



4. Association between specific higher-level cognitive and auditory processing aspects
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4.1 Introduction

There is increasing interest in APD in children, which is largely due to suspicions

that APD may cause learning and language di�culties that result in developmental

delays and poor academic performance that may persist into adulthood. However,

the key aspects associated with developmental APD are broad and still poorly

understood with no ‘gold-standard’ diagnostic tools, criteria, or clear intervention

or management plans. Therefore, the need to better understand the causes of APD

and the demand for more sensitive clinical diagnostic tools is high, as this could

ultimately have a positive impact on APD children’s academic achievements and

their quality of life into adulthood. Children with APD mainly express di�culties

in understanding speech in noisy environments and may also present poor auditory

attention, memory or low academic achievement (e.g., AAA, 2010; BSA, 2018).

Understanding degraded speech is a di�cult task, demanding increased reliance

on various cognitive resources, including, attention, memory and language skills.

With no measurable peripheral hearing deficit, it may therefore arise from top-down

cognitive deficits (BSA, 2018; Moore et al., 2013). This fits well with the current

trend in both APD research and speech and hearing science for a more holistic

approach that considers the interface between hearing and cognition.

The main objective of this thesis was to better understand the properties of the

switching task and its possible utility in studying developmental APD in children and

consequently improving APD assessment and diagnosis. Earlier work by Akinseye

(unpublished BSc thesis 2015) and the results of the adult studies in the previous

chapters suggests that the ST task demands some higher-level cognitive aspects of

listening that are not probed by simpler listening tasks. The task is believed to

necessitate the listener to switch and sustain attention on the target speech, while

inhibiting the distractor segments, and to integrate the short-term auditory
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information between the two ears. Since APD seems to arise from cognitive

deficiencies, there might be some analogies between the performance of older people

and APD children in the switching task.

In short, the ST is a speech-in-noise or speech-on-speech listening task that

involves binaural integration of glimpsed auditory information that switches between

the ears. This was achieved through application of interruptions to the target speech

at a fixed modulation rate (5 Hz), with successive segments of the target being

switched from ear to ear. An adaptive procedure varies the duty-cycle (DC), the

proportion of time the speech is ‘on’ in each modulation period, in order to find

the proportion required to understand 50% of keywords (the speech reception

duty-cycle threshold, SRdT). A distractor is interrupted in the same way, and

alternated between the two ears out-of-phase with the target speech, resulting in

alternated segments of both target and distractor signals between the two ears,

with only one stimulus present in each ear at any given time. Alternatively, the

target speech can be presented in quiet by replacing the distractor segments with

silent intervals (baseline condition). For a more complete account of the relevant

literature and background on the ST task see Chapter 2. Chapters 2 and 3

focused on the novel ST task, examining several potentially critical factors that

influence performance across normal hearing (NH) adults. Findings in Chapter 2

supported previous findings by Akinseye (unpublished BSc thesis, 2015), showing

that only speech distractors induced a measurable IM. Furthermore, the unintelligible

speech distractor introduced comparable IM to an intelligible speech distractor.

The negligible MR for unintelligible speech distractor may therefore suggest the

involvement of higher-level attention processing. Assuming that the switching

glimpses are “filtered” for speech information by the auditory system before attention

is triggered1, the results suggest that both familiar speech and foreign speech
1Although not exactly the same listening situation, evidence from Scott et al. (2009) shows that

even unintelligible speech-like distractors are represented centrally in areas that are associated
with processing of speech signals (e.g., the superior temporal gyrus, STG). This finding is in
agreement with the notion that IM arise from linguistic e�ects as well as other para-linguistic
properties of the stimuli (ct. Scott & McGettigan, 2013).
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convey phonological information that triggered attention and hindered performance.

Furthermore, Chapter 3 was set to investigate the assumption that the ST task

relies on the ability to use binaural information as in using both ears, as opposed to

attending to only one ear. In addition, we developed and verified the application of

a simplified version of the task, wherein we compared listeners’ performance for the

two test versions: (1) ST-ASL, and ST-CCRM. They comprised two types of speech

material with varying demand for language/cognitive skills (from high-to-low):

the ASL sentences (MacLeod & Summerfield, 1990), and the CRM-type sentences

(Bolia et al., 2000). As expected, performance in the ST-CCRM version was better

than in the ST-ASL version (i.e., shifted towards lower SRdTs) across all test

conditions, whereas the same trend in performance was seen in both test versions

across the di�erent test conditions. Thus, the outcomes in Chapter 3 suggests that

the ST-CCRM version may have to some extent reduced the influence of top-down

linguistic processes. The findings of the previous chapter confirm the above, giving

rise to the importance of the binaural advantage (as in the ability to reconstruct

short-term auditory information from both ears) for performance in the task, and

verified the feasibility of the new ST-CCRM version.

These findings served as foundations for the final study that is presented in this

chapter, wherein this novel listening paradigm was used for the very first time with

children. The aim of the current study was to explore the utility of the ST task and

its e�ectiveness in identifying APD and to investigate the association of performance

with other measures. For this, we compared the performance in the task across

primary school children diagnosed with APD and typically-developing (TD) control

children in a wide range of listening conditions. Performance was assessed using both

ST-ASL and ST-CCRM test versions. More specifically, we investigated the cost of

switching the stimuli between the two ears, the involvement of di�erent IM aspects

induced by speech and nonspeech distractors (such as target-distractor similarity

or uncertainty, as well as familiarity with the language of the speech distractor),
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and the extent to which the children’s language skills, which was controlled by the

speech material structure and complexity, influenced performance in the task.

Besides that, we have also used a collection of other measures of potentially

relevant skills for ST performance in an attempt to tease apart their contribution

for performance in the tasks, and in a more general way for APD. These assess

included spatial listening (measured by SRM benefit), peripheral hearing (assessed

by detection thresholds for standard and high-frequency regions), auditory-related

attention functions, as well as language and communication skills. In the following

paragraphs, the idea behind these measures, our objectives and research questions

will be separately discussed.

The basic ability to switch attention and integrate short-term auditory informa-

tion between the two ears was examined by estimating the change in performance due

to the switching alone (referred as ‘switching cost’) by comparing the performance

for test conditions with and without the application of switching to the target signal

in quiet. The e�ect of IM was investigated using a selection of distractors which

were chosen based on the outcomes in Chapters 2 and 3 involving young NH adults.

The outcomes of the adult studies in Chapters 2 and 3 revealed that only speech

distractors exert a significant IM in the task, whereas the nonspeech distractors

resulted in negligible IM regardless of the degree of target-distractor similarity,

with performance similar to performance for the target speech in quiet. Moreover,

as expected, performance for speech distractors spoken by a same-sex talker was

significantly poorer than for a distractor spoken by a talker from the opposite-sex.

Children are often reported to be more sensitive to various types of background noise

than adults in di�erent listening tasks (see review by Leibold, 2017). Therefore, it

is possible that children will display more heightened di�culties than seen in NH

young adults, or may even portray a di�erent picture to the one we observed in the

adult listeners. The underlying assumption was that children will overall exhibit
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poorer performance. In order to avoid a floor e�ect, it was therefore decided to only

use distractors that originated from the opposite-sex talker (i.e., female, ‘F’).

A selection of four distractors were used (see Methods section for a detailed

description): English (ENG_F) and Mandarin (MDR_F) unrelated connected-

speech, each spoken by di�erent female talkers, and a nonspeech amplitude-

modulated speech-spectrum-noise (AMSSN) with the envelope of a single talker.

The fourth distractor was presented only with the CCRM speech material and

comprised of CCRM target-like sentences (CCRM_F) with a di�erent animal,

colour and digit, spoken by di�erent female talkers. This idea was motivated by

findings in Chapter 3 where we showed that NH adults displayed a smaller IM

e�ect when the CCRM target sentences were presented with an unrelated-connected

speech distractor (ENG_F) as opposed to CCRM target-like sentences. These

findings indicate that similarities in acoustic and semantic characteristics between

the target and distractor signals modulated the IM e�ect in the ST task.

The motivation behind the use of the AMSSN distractor comes from a study

by Alcántara et al. (2004) which showed that individuals diagnosed with ASD had

a reduced ability to reconstruct glimpsed auditory information presented with a

nonspeech masker with temporal dips or with a speech distractor, while they had

no di�culties when presented with a SSN masker or a nonspeech masker with

spectral dips. Dip listening can be described as a two stage processing, involving

both bottom-up and top-down processing, requiring first the perception of the

separated segments which can be very short or have narrow frequency bandwidths.

This stage requires su�cient temporal and frequency resolution abilities that are

modulated by bottom-up or peripheral processing. It is then followed by the need to

reconstruct the speech information from the perceived speech segments, necessitating

top-down or central processing such as the use of language and syntactic knowledge

and the use of contextual cues (Alcántara et al., 2004). Therefore, their results

suggest that the inability to make use of dip listening as expressed by the reduced
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intelligibility for an AMSSN masker was in part modulated by deficits in central

processing. APD symptoms often correspond with behaviours and symptoms of other

neurodevelopmental disorders, such as Developmental Language Disorder (DLD),

Dyslexia, Attention Deficit Hyperactivity Disorder (ADHD) and Autism Spectrum

Disorder (ASD) (Dawes & Bishop, 2009). For example, abnormal processing of

auditory input, such as listening di�culties in noise and hyperacusis (i.e., increased

sensitivity to auditory stimulation or displaying extreme aversive reaction to sounds

that are considered as innocuous by neurotypical listeners) are often displayed by

APD children and are also highly prevalent amongst individuals diagnosed with

ASD (Alcántara et al., 2004; Dawes & Bishop, 2009; de Wit et al., 2018). In light of

the similarities between these two groups of individuals, it is reasonable to assume

that at least some of the APD children in the present study will experience increased

di�culties when presented with the AMSSN distractor.

Aside from the ST task, we assessed the children’s ability to make use of spatial

cues in speech-on-speech listening conditions using an independent UK version of

the established Listening in Spatialised Noise-Sentences test (LiSN-S, Cameron &

Dillon, 2007a). This listening task was developed for this thesis and will be referred

to as the LiSNS-UK task. Briefly, the LiSN-S is based on spatial release from

masking (SRM) through symmetrically-placed interfering maskers. Apart from

manipulations to the spatial location of the stimuli (collocated vs. separated), the

vocal quality of the maskers is manipulated by using the same or di�erent speakers

to the speaker in the target stimulus, thus resulting in four di�erent test conditions.

A more complete description of the task can be found in Section 4.2.2. The latter

manipulation is motivated by the notion that talker di�erences between the target

and maskers improve SRM. Nevertheless, from inspection of the literature, it does

not look like many children fail to get a talker advantage when compared with the

SRM without the additional talker cues (i.e., spatial advantage) (Cameron & Dillon,

2008). Since testing time is limited in a clinical setup, and in order to increase

the e�ciency and applicability of the task, it was decided not to include talker
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manipulation in the LiSNS-UK, thereby reducing the number of test conditions to

two (i.e., collocated vs. separated) and consequently reducing the test duration by

nearly half. Furthermore, the same male speaker with a standard southern British

English accent was used for both the target sentences and the speech distractors.

This task is of particular interest, since the ST task seems to tap into similar

processes because of the way the maskers are configured. Brungart and Iyer (2012)

demonstrated that improved intelligibility of target speech in spatially-separated

maskers may be attributed to the ability to extract short-term better-ear glimpses

that vary across frequencies and in duration and fluctuate rapidly across the two

ears. Hence, similarly to the ST, this benefit in spatial separation is ascribed

to higher-level cognitive (IM) processes and may not be directly due to spatial

processing at all. Perhaps one of the most influential findings in recent years in

APD research is that about 20% of the children that were referred for an APD

assessment have been shown to benefit significantly less from SRM advantage and

can be considered as a subgroup of APD, labelled as having Spatial Processing

Disorder (SPD, Cameron et al., 2012; Dillon et al., 2012). Therefore, the present

study also assessed the children’s performance in the newly developed LiSNS-UK

task and compared the children’s performance with performance in the ST task and

the other measures that were used.

A wide range of possible factors have been suggested to be linked to APD in

children, from deficits of peripheral auditory processing, e.g., history of chronic

otitis media with e�usion (OME) in childhood and extended-high-frequency (EHF)

hearing loss, to more central cognitive processing such as selective and sustained

attention, or other developmental causes such as language or learning deficits (BSA,

2018; de Wit et al., 2018; Rosen et al., 2010; Sharma et al., 2009; Tomlin et al., 2015).

APD children by definition have normal peripheral hearing (measured by

standard pure-tone audiometric thresholds) (BSA, 2018). However, there are an
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increasing number of studies that report a possible link between OME or pressure

equalisation tube (PET) history and EHF hearing loss (HL) in a subgroup of

APD children (BSA, 2018; Hunter et al., 2021; Pienkowski, 2017). To date, the

assessment of hearing sensitivity at extended-high-frequencies beyond 8 kHz is not

conventionally included in audiological assessment. The exact rate of chronic OME

cases in APD children is yet unknown. However, at least one study reported a

relatively high incident rate of circa 50% (Dillon et al., 2012). Chronic OME and

history of PET have been shown to negatively impact hearing sensitivity and speech

perception, especially in noise in various auditory-related studies. The origin of

these di�culties are thought to have both peripheral and central origin. Peripheral

deficits are caused by outer hair cell damage at the basal part of the cochlear,

resulting in irreversible sensorineural hearing loss at higher frequencies > 4 kHz,

even after e�usion in the middle-ear has healed and hearing sensitivity at standard

audiometry frequencies are back to normal (Hunter et al., 1996; Hunter et al., 2020;

Margolis et al., 2000). Hearing sensitivity is known to decrease with age starting

from early adulthood in a progressive manner from the basal to the apical parts of

the cochlea. Hunter et al. (1996) demonstrated that children with OME aged 6 to

15 years old had a similar hearing sensitivity for EHFs as an average 40 to 50 years

old adult. Deficits of more central origin are believed to arise from fluctuations in

access to auditory information due to conductive hearing loss (also termed ‘auditory

deprivation’) which hinder the development of auditory processing mechanisms that

enable the listeners to make use of binaural cues in order to reconstruct speech in

challenging conditions. Children and adolescents with a history of chronic OME have

been shown to have poorer binaural hearing. However, their ability to use ITDs for

detection of a tone in a noise (assessed by masking-level-di�erence, MLD) has been

shown to slowly improve over time, for a period of up to three years after the OME

was resolved (Hall et al., 1995), whilst other studies report a persistent binaural

listening deficit for more complex listening tasks such as the LiSNS (assessed by

SRM) (Graydon et al., 2017; Tomlin & Rance, 2014). Therefore, it was decided

to further investigate the above listed claims for the existence of EHF hearing loss
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in APD children. For this, we assessed the children’s hearing sensitivity at both

standard frequencies between 0.25 and 8 kHz and at EHFs between 8 to 20 kHz.

Language skills and cognitive capacity are also often associated with performance

for speech-in-noise or speech-on-speech listening tasks and can explain a large

portion of variability between subjects (Dawes & Bishop, 2009; de Wit et al.,

2018). Therefore, in order to better understand their relationship with the listener’s

speech perception score, it was decided to include additional measures of potentially

relevant skills, focusing primarily on attention and language skills. The reasoning

behind choosing each measure is discussed below (for more information about each

task see Section 4.2.2).

It is important to note that the number of measures that we were able to include

in the test battery and their testing time was limited and had to fit into a single

testing session. As a compromise, it was decided to use both direct and indirect

measures. In order to minimise testing time it was decided to use well normed

questionnaires which were completed by the child’s parents or to use screening tools

which were completed by the child; children from both groups were assessed with

the same test battery. The Evaluation of Children’s Listening and Processing Skills

questionnaire (ECLiPS, Barry & Moore, 2014) was included as a way to validate

the deficit of the children in the APD group and to verify asympotmatic behaviour

in the TD group. Another questionnaire that was included was the Children’s

Communication Checklist 2nd edition, CCC-2 (Bishop, 2003), which was used to

assess various language and communication skills. The listeners expressive language

was screened using the recalling sentences subtest from the Clinical Evaluation

of Language Fundamentals UK 5th edition test battery (CELF-5-UK, Wiig et al.,

2017), which is a quick and well normed screening tool. The test is a good marker

for general language skills and for DLD, and had the advantage of being assessed

directly on the child (repeating sentences verbatim). Attention was assessed using

the Environmental Auditory Scene Analysis task (ENVASA, Leech et al., 2009)
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which is a non-linguistic task that seems to tap into similar IM e�ects and sustained

and selective auditory attention skills as in the ST task. Moreover, the task was

selected because it is relatively quick in comparison to similar tasks, relatively easy to

understand, and was already used in children of a similar age as the group of children

that were tested in the present study. Finally, each parent was given a comprehensive

background questionnaire that was compiled based on questions that are typically

asked during an APD assessment, concerning the parents socio-economic status,

hearing history of the child and family, listening di�culties, developmental disorders,

and history of ear problems.

4.2 Methods

4.2.1 Participants

Forty-four primary school children who were native British English speakers with

normal hearing acuity participated in the study. Amongst them twenty-one belonged

to the APD clinical group (5 females) with an average age of 11.0 ± 1.4 years

(range: 7.8 - 12.9 years). The remaining twenty-three (12 females) comprised of

typically developing control children (TD) with no reported concerns or diagnosis

of an auditory, language or other cognitive developmental disorder. The TD group

average age was 9.5 ± 1.6 years and ranged between 7.0 to 12.1 years. Since not all

the measurement equipment was easily portable and in order to maintain the same

environment during the assessment across the complete sample, the children and

their caregivers were required to travel to central London for the testing. In order

to maximise the number of children taking part in the study, 8 out of the 23 TD

children (35%) had an APD sibling (TDAP Dsib) which took part in a parallel study

that took place on the same day of testing. Genetic factors have been identified

as influencing factors in developmental language deficits (Pennington & Bishop,

2009). To that, language and reading deficits and other developmental disorders

are often reported amongst children diagnosed with APD (e.g., Dawes & Bishop,
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2009). It is therefore possible that TDs with an APD sibling could be di�erent than

ordinary TDs. Therefore, this supposition was investigated in the Results section

separately for each measure that was used in the study. It was predicted that the

TDAP Dsib will perform poorer than their non-sibling peers, and consequently that

their performance may be closer to that of the APD group.

All the children who participated in the study were required to have normal

hearing acuity, defined as thresholds Æ 25 dB HL at the frequencies between 0.25 to

8 kHz and their eardrum had to be visible, healthy and intact in both ears following

otoscopic inspection. One APD participant was excluded from the analysis due to

raised thresholds predominantly in the right ear, ranging between 30 to 45 dB HL

(PTARight = 36.25 dB HL; PTALeft = 13.75 dB HL), thus resulting in a final APD

group size of twenty2. Otoscopic inspection of the child’s ear canal revealed a large

accumulation of cerumen in both ears with an occluded right ear. Two additional

children (x1 APD, x1 TD) had slightly raised thresholds at 8 kHz in one ear of

35 and 30 dB HL, respectively. However, since thresholds at all other frequencies

were well within the Æ 25 dB HL criteria they were not excluded.

APD children were recruited in two ways. Children diagnosed with APD at

Great Ormond Street Hospital (GOSH) or at the London Hearing and Balance

Centre (LHBC), London, UK, were identified based on their clinical records and

were contacted by a clinical team member. The caregivers were provided with

information about the study and means of contact to express interest in participation.

Others, including the TD group were recruited by advertisements on social networks

(e.g., APD Support UK Facebook group), science events, local information boards

and the UCL sta� newsletter email, where parents were requested to fill-out an

online interest form with short screening questions to ensure that the child met the

participation requirements. Most of the children in the APD group (85%, 17/20)
2PTAs were calculated by averaging the individual’s thresholds at the frequencies 0.5, 1, 2 and

4 kHz separately for the right and left ear (PTARight, PTALeft).

113



4.2. Methods

were reported to undergo an APD assessment at GOSH, about a third were directly

recruited from the clinic. The remaining three were reported to be assessed at the

LHBC, at the University of Southampton Auditory Implant Service or the Chime

Audiology Royal Devon & Exeter Hospital (screening only).

Our initial aim was to take a conservative stance on inclusion criteria by including

only those who met a clinical APD criteria (2 SD below the norms on two or more

tests during the assessment). Moreover, being aware of the high prevalence of

APD children with additional co-occurring developmental disorders, we strived to

recruit children who displayed a “pure” form of APD without reported diagnosis

or concerns for additional developmental disorder/s. However, very few APD

children met these strict criteria. Only 80% (16/20) met the clinical criteria of

APD, out of which 60% (9/15) were diagnosed with spatial processing disorder

(SPD) due to abnormal SRM in the LiSN-S task (see Table 4.1 for descriptives of

the study groups). Of the remaining children in the APD group, four did not meet

the diagnostic criteria for various reasons (e.g., young age, lack of psychological

educational evaluation report and the need to exclude other deficits). However their

assessment report acknowledged some “auditory processing di�culties”, whereas

the fifth child awaited an APD assessment following an APD screening. Due to the

small sample-size these children were included in the APD group for the analysis.

Nevertheless, they were subdivided as children with Listening Di�culties (LiD)

and di�erences in performance between LiD and APD children were later explored.

Furthermore, half of the APD group (10/20) were reported for being diagnosed with

one or more secondary developmental disorder/s [x6 Dyslexia, x3 high-functioning

Autism (HF-ASD), x3 DLD, x1 ADHD, x1 attention deficit disorder (ADD), x1

Dyspraxia, x1 visual stress, x1 sensory integration disorder, and x1 poor short-term

working-memory]. Nonetheless, several caregivers reported that their motivation

for seeking additional diagnoses was to get more help from the school, rather than

a real concern, after feeling that their support for their child’s APD was lacking.
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Caregivers from both groups completed a comprehensive background ques-

tionnaire, similar to the one that is typically given prior to an APD assessment,

concerning the caregiver/s educational level, child and family history of hearing,

listening problems and developmental disorders, child history of otitis media

with e�usion (OME), pressure-equalisation tubes (PET/grommets), pregnancy-

related questions (e.g., complications, prematurity, etc.), APD-related (e.g., date

of diagnosis, location, use of FM device and auditory training), any diagnosis or

concerns regarding the child’s speech, language, educational and/or cognitive skills,

speech and language therapy, medication taken, musical training and the type of

school the child attends. Due to the small sample-size and the wide range of areas

Table 4.1: APD and TD group demographics and APD-related history background.

APD group TD group
School type 85% (17/20) Mainstream (1 child in

a special ASD unit, 2 in a private
school), 15% (3/20) non-mainstream

100% (23/23) Mainstream (2 in a
private school, 2 are home schooled)

Assessment location 85% (17/20) GOSH, 15% (3/20)
other

-

APD diagnosis 75% (15/20) APD, 25% (5/20) LiD -
SPD subtype 60% (9/15) SPD -
Additional disorder
(diagnosed)

50% (10/20) -

Additional disorder
(undergoing assessment)

25% (5/20) -

Language di�culties
(suspected)

50% (10/20) ≥4% (1/23)

Language di�culties
(diagnosed)

35% (7/20) 0%

Speech comprehension
di�culties

55% (11/20) 0%

SLT 55% (11/20) ≥9% (2/23)
Literacy problems
(suspected)

70% (14/20) ≥4% (1/23)

Literacy problems
(diagnosed)

30% (6/20) 0%

Otitis Media 40% (8/20) ≥9% (2/23)
MEHx 65% (13/20) ≥26% (6/23)
PET history 25% (5/20) 0%
FM-device usage 55% (11/20) 0%
Auditory training 35% (7/20) 0%
SLT: Speech and language therapy
MEHx: History of middle ear problems
PET: Pressure equalisation tube
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that the background questionnaire covers (see above), a quantitative analysis of the

complete dataset would have resulted in cumbersome analysis and underpowered

statistical models. Therefore, instead, an exploratory approach was taken. Based

on visual and statistical inspection of the complete dataset, selected predictors were

chosen, which appeared to have the strongest association with performance (see

Section 4.4.7). All the children who participated in the study were native British

English speakers with English as their first and primary language. One TD child

had a bilingual background. About half of the APD children were reported to have

language (50%, 10/20) and/or comprehension di�culties (55%, 11/20) (see above

Table 4.1). Two TD children (~9%) and 55% (11/20) of the APD children were

reported to receive speech and language therapy (SLT). The number of sessions and

the child’s age at the time of the treatment largely varied. In terms of scholastic

progress, 70% (14/20) of the APD children were reported to have literacy problems

(of which 30% were professionally diagnosed). As for the TD group, only one child

(~4%, 1/23) was reported to have (undiagnosed) literacy problems. We strived to

minimise the inclusion of children (from both groups) with a history of hearing

problems, including chronic OME and PET. None of the TD children reported a

history of PET, and only 26% (6/23) TD children reported to have a single incident

of a middle ear problem. Due to di�culties in recruitment, the number of cases

among the APD group was significantly larger, where 65% of the children (13/20)

experienced repeated middle ear problems (MEHx), of which 40% (8/20) had at

least one OME incident, and 25% (5/10) were fitted with PET.

Children in the APD group were on average 1.5 years older than children in the

TD group. The distribution of age across the two groups is shown in Figure 4.1.

The agreement across the two groups between the ages 9 to 11 years was fairly good,

whereas a better agreement for younger and older participants would have been

desirable. The figure reveals that the age distribution of the APD group was skewed

towards older children, with fewer younger APD children (between 7-8 years) than

in the TD group. The opposite goes for the TD group which was skewed towards
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Figure 4.1: Age distribution split by group

older children (between 12-13 years), with fewer older TD children than in the

APD group. This was due to di�culties in recruiting younger APD children. APD

assessment is typically provided to children from the age of 7 years. However it

is a lengthy process often requiring multiple assessments by various professionals

prior to being given a referral; children with an APD diagnosis therefore tend to

be older. Di�erence in age between the two groups was tested with a one-way

ANOVA using the anova() function (parametric assumption of normal distribution

and homoscedasticity were met). The test revealed a significant di�erence in

age between the groups [F (1, 41) = 11.58, p < 0.01]. Nonetheless, since age is

often reported as a strong predictor for performance in other similar behavioural

studies, analysis of the results obtained in the current study was conducted for

age-independent scaled scores and should not a�ect the comparison between the

two groups. The project was approved by the UCL Research Ethics Committee

(Project ID Number 0544/006) and the NHS Health Research Authority (REC

reference: 18/LO/0250). The testing commenced once informed consent was given

by both the caregiver and the child.
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4.2.2 Measurements

The test battery used in the present study is described in the following section

and summarised in Table 4.2.

Table 4.2: Summary of the study test battery.

Task Information Measure

Standard & extended

high-frequency (EHF)

audiometry

Pure-tone detection thresholds measured at the

frequencies between 0.25 and 8 kHz (standard), and 8

to 20 kHz (EHF).

Detection threshold in

dB HL

Switching task (ST) Adaptive speech-on-speech listening task that involves

perception of interrupted and periodically segmented

speech that is switched between the two ears

out-of-phase with an interrupted distractor. ST

assesses the ability to switch attention and integration

of binaural information.

Proportion of speech

required to

understand 50% of the

keywords, Speech

Reception duty cycle

Threshold (SRdT)

Listening in Spatialised

Noise Sentences UK

(LiSNS-UK)

Locally developed version of the LiSN-S (Cameron &

Dillon, 2007), an adaptive speech-on-speech listening

task that assesses the ability to use spatial release

from masking (SRM), measured as the di�erence in

perception between collocated and separated speech

distractors. The same male speaker with standard

southern British English accent was used for both

target sentences and speech distractors.

Signal-to-noise-ratio

(SNR) yielding 50%

speech intelligibility,

Speech Reception

Threshold (SRT)

Speech-spectrum-noise

(SSN)

Conventional adaptive speech in noise task that

assesses speech perception of ASL sentences (MacLeod

& Summerfield, 1990) in a speech-spectrum-noise with

a spectrum matched to the ASL material.

SRT

The Environmental

Auditory Scene

Analysis task, ENVASA

(Leech et al., 2009)

Non-linguistic self-administered task that involves

detection of everyday environmental sounds presented

in naturalistic auditory scenes and can be used to

assess IM e�ects as well as sustained selective auditory

attention skills.

%-correct

Recalling sentences,

CELF-RS (Wiig et al.,

2017)

A subtest from the Clinical Evaluation of Language

Fundamentals UK 5
th

edition (CELF-5-UK) which

assesses expressive language skills, measured by the

ability to repeat in verbatim sentences with varying

length and complexity. Standardised for children aged

5 to 16 years.

Age-corrected scaled

scores

The Evaluation of

Children’s Listening

and Processing Skills,

ECLiPS (Barry & Moore,

2014)

Standardised questionnaire comprised of 38 statements

grouped into five categories designed to identify

listening and communication di�culties in children

aged 6 to 11 years. Respondent agreement is expressed

using a five-point Likert scale ("strongly agree" -

"strongly disagree").

Age-corrected scaled

scores

The Children’s

Communication

Checklist 2
nd

edition,

CCC-2 (Bishop, 2003)

Standardised questionnaire comprising 70 items

designed to screen language and/or communication

problems in children aged 4 to 16 years. Items consist

of a behaviour statement (e.g., "Mixes up words of
similar meaning") with respondents asked to judge

how often the behaviours occur using a four-point

Likert scale (0-3).

Age-corrected scaled

scores
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4.2.2.1 Auditory evaluation

4.2.2.1.1 Standard & extended high-frequency (EHF) audiometry

Otoscopic inspection was performed prior to the audiometric test to ensure the ear

was clear from cerumen and to avoid harming the eardrum when inserting the ear

probe. Both standard and extended high-frequency (EHF) audiometry thresholds

were measured using the Hughson-Westlake manual procedure, starting from 1 kHz.

Standard air conduction pure-tone audiometry was carried out at six frequencies

ranging between 0.25 to 8 kHz using a standard clinical manual audiometer via

headphones.

Extended high-frequency pure-tone detection thresholds were manually measured

at four frequencies 8, 11, 16, & 20 kHz using locally written MATLAB based software

which generated the stimuli and recorded the data. Target tones were pulsed (3

repetitions) with a duration of 700 ms and 50 ms rise/fall time. EHF measurements

took place in a sound attenuated chamber with the child sitting in the chamber

while the examiner was situated outside. Communication during the testing was

carried out via a video-audio intercom system. The child was instructed to raise

his/her hand each time s/he heard a tone. The MATLAB script was executed

using a Windows PC which was connected via USB to an RME Fireface UC sound

card (Audio AG, Haimhausen Germany) and an ER10X Extended-Bandwidth

Acoustic Probe System (Etymōtic Research, Elk Grove Village, IL, USA). Stimuli

were presented via an otoacoustic emission probe with silicon tips in variable sizes

(between 8 to 13 mm), depending on the size of the child’s ear.

Standing waves in the ear canal produce spatially non-uniform sound pressure

at frequencies above 2 ≠ 3 kHz, introducing calibration errors when estimating the

sound pressure level arriving at the eardrum (Lee et al., 2012; Richmond et al.,

2011; Siegel, 1994). Together with other factors such as individual variations in the

ear canal length and di�erences in depth in which the ear probe is inserted into

the ear canal, these factors can introduce up to a 20 dB calibration error (Siegel,

119



4.2. Methods

1994). To account for that, in-situ forward-pressure-level (FPL) calibration was

applied using ARLas MATLAB-based software package (Goodman, 2017), thereby

improving the accuracy of the threshold estimates, especially at high frequencies

(Lewis et al., 2009). The target stimulus was converted from dB SPL to dB HL

following minimal audible pressure values measured across 84 NH listeners aged 10

to 21 years (see Table 1 in Lee et al., 2012). A fixed maximum presentation level

of 50 dB HL was set to ensure that the listeners are not exposed to potentially

harmful sound levels, especially at higher frequencies.

4.2.2.1.2 Switching task (ST)

Estimating the e�ect of IM while minimising peripheral EM on speech perception

was measured using the switching task (ST) which is believed to assess the listeners

ability to switch attention and integrate binaural information. The same test

procedure and equipment was used as described in Chapter 2. Listeners were

presented with both test versions using the ASL and the CCRM speech material.

As for the stimuli, the ASL target sentences, spoken by a single male talker, were

taken from the final sentences selected following a normalisation study (see a brief

description of the study in Section A.1 in the appendix). The first five test lists out

of the eight phonetically-balanced normed test lists (25 sentences each) were used,

whereby their order was quasi-randomised to account for order, masker combinations,

and fatigue e�ects. The target CCRM sentences were the same as described in

Chapter 3, spoken by three di�erent male talkers. These were selected at random

on every trial and always began with the animal ‘dog’. The target speech material

was presented either without a distractor (Quiet), with and without switching

(NoAlt/Alt) or with switching and a distractor. A selection of four distractors were

used (see Chapter 2 for a detailed description): English (ENG_F) and Mandarin

(MDR_F) unrelated connected-speech, each spoken by ten di�erent female talkers,

and a non-speech amplitude-modulated speech-spectrum-noise (AMSSN) with the

envelope of a single talker out of 40 talkers (20 females). The fourth distractor was
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presented only with the CCRM speech material and comprised CCRM target-like

sentences (CCRM_F) with a di�erent animal, colour and digit, spoken by three

di�erent female talkers. Each participant was presented with a total of 11 runs,

one for each test condition, with 5 conditions for the ASL (Quiet-NoAlt,Quiet-Alt,

MDR_F-Alt, ENG_F-Alt), and 6 for the CCRM (with the additional CCRM_F-

Alt condition). As in Chapter 3, in the ASL test version the distractors preceded

1 s before the target sentences, whereas in the CCRM test version the distractors

started together with the target sentences.

The starting DC was 0.97 (i.e., signal is almost entirely present) which is the

SRdT upper limit. Subsequently, the DC varied depending on the listeners response,

with an initial step-size of 0.12 which decreased gradually over the first three

(practice) reversals to 0.05. Nonetheless, as in the adult studies, the minimum step-

size for the ASL conditions ENG_F and MDR_F was set to 0.1. This is because of a

pilot data which suggested that the psychometric functions of these conditions were

shallower (see Section 2.2.1.4 in Chapter 2). Testing started following a practice

phase, where four trials of each of the eleven test conditions were presented. Practice

runs started at an easy-to-moderate DC of 0.8 in order to expose the listeners to the

adaptive procedure. In addition, every test run started with two practice sentences

(initial DC = 0.97) to orient the listeners to the test condition that was about to be

presented. A run was completed following 3 practice and 6 test reversals or ended

if the maximal number of trials of 25 was reached. Inspection of the recorded data

revealed that the average (median) number of test reversals was 6 (± 0.97; range: 0

to 6), whereby in only 7/473 (~1%) cases the listeners obtained less than four test

reversals. The total number of cases in which the maximum number of test trials

was reached was 51/473 (~11%). Such cases occurred between 2 to 6 times across the

test conditions with no noticeable di�erence in trend between the two groups, bar

the AMSSN-CCRM-Alt condition, where 12 cases were recorded (APD: x3; TD: x9).
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4.2.2.1.3 Listening in Spatialised Noise Sentences UK (LiSNS-UK)

The locally developed Listening in Spatialised Noise Sentences UK (LiSNS-UK)

assesses the ability to use binaural cues in speech-on-speech listening conditions.

The test development, speech material normalisation, and norms standardisation

followed Cameron and Dillon (2007a) (a brief description of the ASL norming is

given in Section A.1 in the appendix). The test uses virtualisation techniques to

create a spatial distribution of sound sources in space for headphone presentation

where target sentences (ASL, MacLeod & Summerfield, 1990) are presented in two

simultaneous speech distractors (unrelated children’s stories spoken by the target

talker). Both the target sentences and speech distractors were spoken by the same

male speaker with a standard southern British English accent. The LiSNS-UK

comprises two main listening conditions, di�ering in their availability of spatial

cues. The target sentences are configured to always appear in front of the listener

at 0¶ azimuth on the horizontal plane, with the two streams of speech distractors

either collocated in space with the target (S0N0), resulting in relatively poor speech

perception, or o�set in space, with one distractor to either side of the target at

± 90¶. The spatial separation in the latter condition results in an improvement

in speech perception of circa 13 dB (Cameron et al., 2011), typically termed as

spatial release from masking (SRM). This SRM advantage is calculated by taking

the di�erence between performance in the collocated and the separated condition.

Speech distractors were presented continuously throughout a run at a fixed

65 dB SPL output level and comprised of a combination of two out of three available

passages. A 1-up/1-down adaptive procedure was used, varying the level of the

target talker relative to the distractors depending on the listener’s response to

measure their speech reception threshold (SRT), i.e., the signal-to-noise-ratio (SNR)

yielding 50% speech intelligibility. A 200 ms long reference cue (1 kHz pure-tone)

was presented 500 ms before the target sentence onset at 65 dB SPL. The initial

target output level was 75 dB SPL for the collocated condition and 70 dB SPL for

the separated condition with an initial step-size of 4 dB SNR. The step-size was
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reduced after the first three reversals, reaching a minimum step-size of 2 dB SNR.

The adaptive procedure ended once all 25 test trials were presented and stopped in

case a maximal output level of 89 dB SPL was reached more than three times. Such

an event did not occur in the present study. Since each listener was only presented

once with each condition, it was decided not to introduce any other stopping rules

that could have expedited the testing time but may have introduced an estimation

error for the SRTs in some cases. The SRT was calculated by averaging the test

reversals SNRs, whereby test reversals were defined as any reversals following three

practice reversals.

The order of the listening condition, test lists, sentences within a run, and

distractor combinations was fixed across all the participants and started with

the collocated condition. Each test list consisted of 25 sentences taken from

the 8-phonetically-balanced ASL test lists which were constructed following the

normalisation study with a sentence-specific level correction. Spatialisation was

applied by convolving each stimulus with head-related transfer functions (HRTFs)

at the corresponding azimuthal direction separately for the left and the right

channel. The HRTFs were measured with a Knowles Electronics Manikin for

Acoustic Research (KEMAR) with a small pinnae taken from the CIPIC HRTF

database3 (see Algazi et al., 2001, “special” HRTF data). A post-equalisation step

was applied in order to flatten the magnitude of the headphone frequency response.

Headphone-to-ear Transfer Functions (HpTFs) measured with a KEMAR manikin

for HD-25 supraaural headphones were extracted from the Wierstorf et al. (2011)

HRTF database. The final mixed stimulus was filtered with the inverse HpTFs

separately for the left and the right channel before being combined together as a

final step. Every participant was presented with two runs, one for each listening

condition (collocated/separated). Testing started following a practice phase of two

runs, one for each of the test conditions with five BKB sentences each (Bench
3The database is available online in: https://www.ece.ucdavis.edu/cipic/spatial-sound/

hrtf-data/
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et al., 1979). Listeners were instructed to verbally repeat the target sentences to

the experimenter who was situated alongside in a sound treated chamber. The

experimenter scored the response by selecting the correctly repeated keywords on

the screen. Listeners were encouraged to guess if unsure while no feedback was

given at any time. A loose keyword scoring method was used, whereby errors of

case or declension were considered as correct responses, e.g., ‘<clowns> <funny>

<faces>’ to the stimulus ‘The <clown> had a <funny> <face>’.

4.2.2.1.4 Speech-spectrum-noise (SSN)

A speech-in-noise test was used as a more conventional listening task that is widely

used in the clinic as opposed to the more complex listening conditions measured

by the ST or the LiSNS-UK. The normalised ASL sentences were presented in

a speech-spectrum-noise (SSN) with spectrum matched to the ASL corpus. The

SSN onset was 500 ms before the target sentence began. The same adaptive

procedure as for the LiSNS-UK was used with the same stopping-rules and SRT

calculation. Each listener was presented with a single run of 25 sentences following

a practice phase with seven BKB sentences. The same test list and sentences

order was used across all the listeners.

4.2.2.1.5 The Environmental Auditory Scene Analysis task (ENVASA)

In analogy to the classic ‘cocktail-party’ scenario, ENVASA is a non-linguistic

paradigm (Leech et al., 2009) that measures detection of everyday environmental

sounds presented in naturalistic auditory scenes and can be used to assess IM

e�ects as well as sustained selective auditory attention skills. In the task, short

environmental target sounds (e.g., a dog’s bark, a door knock, or a bouncing ball)

were presented in a dichotic background scene (i.e., the target sound is presented

only in one ear), consisting of either a single background scene, presented in both

ears, or two background scenes, each presented in a di�erent ear. The number of

targets, the onset time and the ear of presentation varied across trials. Four SNRs
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were employed split into two categories ‘low’ (≠6 and ≠3 dB) and ‘high’ (0 and

+3 dB). Target-background contextual agreement was manipulated by embedding

the target sound in a congruent background scene that is in agreement with the

listener’s expectations (e.g., a cow’s ‘moo’ in a farmyard scene) or in an incongruent

background scene which violate these expectations (e.g., a cow’s ‘moo’ in a tra�c

scene). A schematic illustration of a single test sequence is shown in Figure 4.2.

Figure 4.2: Schematic of the ENVASA experimental paradigm. Reprinted with
permission from Leech, R., Gygi, B., Aydelott, J., & Dick, F (2009). “Informational
factors in identifying environmental sounds in natural auditory scenes”. The Journal of
the Acoustical Society of America, 126 (6), 3147-3155. Copyright 2009, Acoustic Society
of America.

The experiment was carried out using the original setup as described by Leech

et al. (2009). Sounds were presented via Sennheiser HD-25 headphones (Wedemark,

Germany) and the participants response was recorded using a USB-wired gamepad

(Saitek Rumble P3200). The output level was adjusted to a comfortable level before

the test started. The participants were situated in front of a laptop and were

instructed to hold the gamepad. Prior to the test, the listeners were presented

with a short child-friendly demonstration video with audio instructions. Next,

a short recap was given verbally by the examiner and an exemplary trial was
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simulated together with the child to ensure that the child fully understood the

task’s instructions. The task began with three short practice trials with provided

feedback, while no further feedback was given during the test phase.

Every trial was made of two parts, starting with a target audio and visual famil-

iarisation phase before the main target detection phase. Target identification was

recorded by pressing one of the three buttons on the gamepad which corresponded

to the location of the target objects on the screen. A response was counted as

correct only if the participants pushed the corresponding button within 2.3 s of

the target onset. The outcome measure was calculated as the percentage of target

sounds correctly identified within a condition (%-correct). In total there were 115

target sounds presented over 40 trials, where 46 target sounds were presented in a

single background condition and another 46 in a dual-background condition. The

23 remaining target sounds served as foil items which were played at 0 dB SNR

without a corresponding picture on the screen. The order of the foil items was quasi-

randomised and was used to estimate the quality of the participants performance.

4.2.2.1.6 CELF-RS

The Recalling Sentences (RS) sub-test of the Clinical Evaluation of Language

Fundamentals UK fifth edition (CELF-5-UK, Wiig et al., 2017) was administered

to assess the listeners expressive language skills, measuring the ability to repeat

verbatim sentences with varying length and complexity. Standardised norms are

available for children aged 5 to 16 years. The CELF-RS is simple and quick to

administer and has been shown to be a good psycholinguistic marker for children

with DLD and to provide high levels of sensitivity and specificity (Conti-Ramsden

et al., 2001), thus making it a good screening tool. Scoring was done by hand by the

examiner as instructed by the test manual. The sentences were presented using a

local MATLAB program via headphones using the same experimental equipment as

listed above at a comfortable output level of 70 dB HL. The sentences were spoken
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by a female speaker with a standard southern British English accent and were

recorded in a sound-treated recording booth at the Speech, Hearing and Phonetics

Sciences (SHaPS), UCL laboratory, London. The task began with two practice

sentences while the number of test items varied depending on the child’s age and

performance. No repetitions or feedback were given during the testing and the test

was discontinued in case the child failed to score any points for four consecutive

items. Age-scaled scores were calculated based on the test norms with a mean score

of 10 and SD of 3. Scaled scores within ± 1 SD from the norms mean (between 7

to 13) are classified as average scores, whereas performance beyond ± 1 SD are

classified as above/below the average score, with scaled-scores < 7 considered as

abnormally poor.

4.2.2.2 Questionnaires

4.2.2.2.1 The Evaluation of Children’s Listening and Processing Skills

(ECLiPS)

The ECLiPS questionnaire (Barry & Moore, 2014) comprises 38 items, where the

respondents are asked to express their agreement on simple statements about the

child’s listening and other related skills or behaviours using a five-point Likert

scale (from “strongly agree” to “strongly disagree”). The ECLiPS was designed

to identify listening and communication di�culties in children aged 6 to 11 years.

Nonetheless, in their evaluation study, Barry and Moore (2014) found little to

no age e�ect in many of the scale items, suggesting that testing age could be

extended below and beyond the population used for the development. Based

on factor analysis the items were grouped into five subcategories: 1. Speech &

Auditory Processing (SAP), assessing ability to interpret speech and non-speech

input, 2. Environmental & Auditory Sensitivity (EAS), estimating the ability to

cope with environmentally challenging conditions, 3. Language, literacy & laterality

(L/L/L), assessing di�erent abilities that are known to be coupled with language

and literacy di�culties, 4. Memory & Attention (M&A), covering short-term and
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serial memory as well as attention, 5. Pragmatic & Social skills (PSS), assessing

pragmatic language or non-normative social behaviours. Aggregated measures were

calculated for Listening (SAP, M&A, & PSS), Language (L/L/L & M&A), Social

(PSS & EAS), and a Total aggregate, calculated by taking the mean of scores across

all the sub-scales. Individual age- and sex-scaled scores were computed using the

test Excel-based scorer. A score below the 10th percentile (corresponding to a scale

score of circa 6) is generally considered clinically significant.

4.2.2.2.2 The Children’s Communication Checklist 2nd edition (CCC-2)

Communication abilities were assessed using the Children’s Communication Check-

list second edition questionnaire (CCC-2, Bishop, 2003) which is designed to screen

communication problems in children aged 4 to 16 years. It comprises 70 checklist

items each consisting of a behaviour statement, like “Mixes up words of similar

meaning”. The respondents are asked to judge how often the behaviours occur using

a four-point Likert rating scale: 0. less than once a week (or never), 1. at least

once a week, but not every day, 2. once or twice a day, 3. several times (more than

twice) a day (or always). The items are grouped into ten sub-scales of behaviours

tapping into di�erent skills (A. Speech, B. Syntax, C. Semantics, D. Coherence, E.

Inappropriate initiation, F. Stereotyped language, G. Use of context, H. Non-verbal

communication, I. Social relations, J. Interests). Taking the sum of scores for

the sub-scales A to H are used to derive the General Communication Composite

(GCC) which is used to identify clinically abnormal communication competence.

A GCC score < 55 was found to distinguish well between control and clinical

groups, using a criterion of scores in the bottom 10% (Norbury & Bishop, 2005).

Another proposed composite is the SIDC (Social-Interaction Deviance Composite)

which is calculated by taking the di�erence in the sum of subscales E, H, I, and J

(tapping into pragmatic language and social skills) from the sum of scales of A to

D (describing structural language skills). Abnormal GCC (< 55) combined with a

negative SIDC score has been shown to be indicative of an autistic spectrum disorder
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profile (Bishop, 2003). The CCC-2 scaled and composite scores were computed

using the test scorer.

4.2.3 Procedure

Testing took place at the SHaPS laboratory (UCL, London) in a sound-attenuated

chamber. Unfortunately, since many of the APD children had to travel from

outside London and because of di�culties in recruitment, all the testing had to

be completed in a single session, lasting in total circa 2.5 to 3 hours (including

breaks). To minimise any possible fatigue e�ects, the session was carefully designed

to ensure several planned and unplanned breaks. The participants were encouraged

to request a break between test runs whenever they required and were observed

for any signs of fatigue by the examiner. The di�erent tasks were gathered into

short blocks and di�erent measures were scattered throughout the session to keep

the session fun and engaging for the child. At the end of the session, each child

received a certificate and an Amazon voucher as a token of appreciation for taking

part in the study. Travel costs of the family were reimbursed.

Participants from both the TD and the APD group completed the same test

battery in the below listed order (see Table 4.3). The ECliPS, CCC-2 and the

locally compiled background questionnaire were completed by the caregiver during

the testing day. The session started with a standard pure-tone audiogram and

otoscopy to ensure that detection thresholds fulfilled the study criteria and that

there were no abnormalities in the ear canal and the eardrum. Next, the switching

task was conducted. Since performance in the task was one of the main focuses in

the study, and because little is known about any possible learning e�ect in the task,

presentation of the two speech materials (ASL and CCRM) was counterbalanced

within each group, where about half of the children started with the ASL and

the other half with the CCRM speech material. In between the two ST versions,

each child completed the CELF-RS and the SSN task, whereby again, the order of
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presentation was counterbalanced within each group. Since both CELF-RS and SSN

test duration are relatively short, they served as a short informal break between

the ST test versions and kept the child engaged. Next, about half-way through

the session, with a fixed order, all the participants were presented with the EHF

audiometry, and the ENVASA task. The session was concluded with the LiSNS-UK,

in-line with typical clinical assessment where the test is often presented last.

Table 4.3: Experimental design and measurements order.

Order Group A Group B Group C Group D

1 Otoscopy Otoscopy Otoscopy Otoscopy
2 Standard audiometry Standard audiometry Standard audiometry Standard audiometry
3 ST-ASL ST-ASL ST-CCRM ST-CCRM
4 CELF-RS SSN CELF-RS SSN
5 ST-CCRM ST-CCRM ST-ASL ST-ASL
6 SSN CELF-RS SSN CELF-RS
7 EHF audiometry EHF audiometry EHF audiometry EHF audiometry
8 ENVASA ENVASA ENVASA ENVASA
9 LiSNS-UK LiSNS-UK LiSNS-UK LiSNS-UK

4.2.4 Data analysis

All the data extraction, management and analysis in the present study was computed

in an R environment (Version 4.0.3, R Core Team, 2020b) using RStudio (Version

1.4.938, RStudio Team, 2020).

4.2.4.1 Age-scaled scores

Age-independent scores were estimated using a linear regression model. The model

was fitted per condition separately for each measure (ST-ASL, ST-CCRM, LiSNS-

UK, SSN, & ENVASA) and was based on the control group data only with the

respective test raw scores (e.g., SRdT, SRT or %-correct) as a dependent variable

and age as a predictor. A two-step model comparison was performed to test the

assumption that performance displayed a monotonic linear relationship with age

versus a non-monotonic (segmented) linear relationship, implying an asymptote in

performance with age (e.g., for a task in which children did not improve after a given

130



4. Association between specific higher-level cognitive and auditory processing aspects

with APD in children

age). Extreme outliers were initially trimmed from the TD group to reduce noise in

the data and to improve the model fit. In the first step, both models were computed

and the best model was selected based on an F-statistic model comparison based

on analysis of variance ANOVA, using the anova() function. Standardised residuals

were next calculated for each TD listener, based on the selected model prediction.

Since age was included in the model, the standardised residuals are age-independent

and are comparable to z-scores for data with a normal distribution, with a mean

and SD of approximately 0 and 1. Since the main goal of the study was to find a

measure that is able to well separate between the APD group and the typically

developing control group, individual di�erences and group di�erences were explored

using a deviance analysis procedure proposed by Ramus et al. (2003). Abnormal

scores were defined by a two-tailed deviance cut-o� of ± 1.96 SD from the TD

group mean. Thus, circa 95% of the normal population residuals are expected to be

within the deviance range of ± 1.96. Occasional occurrence of abnormal scores in

the normal population is not unusual in behavioural measures. Therefore, since the

prediction of the residuals is based on the control data, such outliers may skew the

TD group true mean or SD and thus may introduce an error in the model prediction.

Therefore, in the second step, additional TD outliers (with standardised residuals

below/above TD mean ± 1.96) were trimmed from the data and the two models

were refitted and compared again. Finally, the model with the best fit was selected

and was used to calculate the standardised residuals for all the listeners, including

the trimmed TD observations and the APD group.

4.2.4.2 Statistical analyses

Residual analysis was performed separately for each measure to determine whether

the data fulfilled parametric methods assumptions of normal distributions using the

Shapiro-Wilk test (shapiro.test(), R Core Team, 2020b) and homogeneity of variance

using Levene’s test (leveneTest(), Fox & Weisberg, 2019). Consequently, statistical

analyses for factorial design data that met these requirement was performed using
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linear mixed-e�ects regression models (LMEMs). LMEMs was fitted using the

lmer() function (lme4 package, Bates et al., 2015b). A Backward model selection

procedure was applied to find the model that gave the best fit using a likelihood

ratio test (‰2). Main e�ects and interactions were tested by comparing predictions

of the full model to a reduced model where each fixed term was separately removed,

starting with the interaction terms. When applicable, post-hoc paired-comparison

t-tests were performed on the fitted model and included adjusted least-squared-

mean for the random intercepts (subjects) using the lsmeans() function from the

emmeans R package (Lenth, 2020). In addition, group di�erences for a single

parametric measure such as in the CELF-RS and the CCC-2 total score were

examined using a one-way analysis of variance using the anova() function. Post-hoc

pairwise comparison t-tests with Bonferroni correction were computed using the

pairwise_t_test() function (rstatix package, Kassambara, 2021).

Nonparametric data were analysed using the nparLD() function (nparLD package,

Noguchi et al., 2012) which is a robust rank-based method for analysis of skewed

data or for data with outliers or from a small sample size (see Feys, 2016, for a good

introduction to robust nonparametric techniques). This function enables di�erent

types of nonparametric tests for factorial design data with repeated measures with

variable between-/within-subjects factors. The results reported in the present study

were based on the ANOVA-type statistic test (ATS) output. When applicable,

post-hoc pairwise comparisons were computed using a Wilcoxon rank-sum test which

is a t-test equivalent for nonparametric data using the wilcox_test() function from

the rstatix package (Kassambara, 2021). Nonparametric models with a single term,

such as group di�erences for the ECLiPS total score, were examined using a robust

one-way ANOVA with trimming means (20%) and bootstrapping (n = 2000) using

the t1waybt() function from the WRS2 package (Mair & Wilcox, 2020), followed

with a corresponding post-hoc tests with the same trimming and bootstrapping

using the mcppb20() function from the same package.
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4.3 Results

4.3.1 Standard audiometry

The listeners’ detection thresholds for the left and the right ear are plotted in

Figure 4.3. The shaded light blue area represents the TD group’s range of thresholds

and the bold blue line represents the group mean at each frequency. The red lines

mark the individual thresholds in the APD group and the group mean is marked

by the bold red line. The dashed line indicates the maximal threshold criterion of

Æ 25 dB HL for participation in the study.
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Figure 4.3: Standard audiometry: APD participants pure-tone detection thresholds
plotted separately for the left and the right ear (red lines). The shaded light blue area
represents the TD group thresholds range and the blue line represents the TD group
mean at each frequency. The dashed line represents the threshold criterion of hearing
level Æ 25 dB HL.

Boxplots of listeners’ pure-tone detection thresholds measured at six frequencies

between 0.25 to 8 kHz and their corresponding pure-tone-average (PTA) are shown

in Figure 4.4 A-B. Individual PTAs were calculated by averaging thresholds at

the frequencies 0.5, 1, 2 and 4 kHz separately for the left and right ear (PTALeft,

PTARight) and by taking the grand mean for thresholds in both ears (denoted as

PTA). Threshold descriptives by frequency and ear as well as PTAs split by the

two groups are given in Table 4.4.
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Figure 4.4: Standard audiometry: Pure-tone detection thresholds by frequency between
0.25 to 8 kHz (A), and averaged thresholds (B). Individual scores are indicated by circles.
The boxes show the data interquartile range (25th-75th percentile) and the horizontal
line indicate the median (i.e., 50th percentile). Values that fall within 1.5 times the
interquartile range are indicated by the whiskers.

Table 4.4: Standard audiometry: Descriptives for pure-tone detection thresholds (dB
HL) by frequency (kHz) and ear split by the two groups.

APD TD
Ear n median sd min max n median sd min max

Frequency
0.25 L 20 5.00 4.99 0.00 20.00 23 5.00 5.05 -5.0 15.00
0.5 L 20 10.00 4.06 5.00 15.00 23 5.00 4.25 -5.0 15.00
1 L 20 5.00 3.84 0.00 15.00 23 0.00 3.99 -5.0 10.00
2 L 20 5.00 4.13 0.00 15.00 23 0.00 4.03 -5.0 10.00
4 L 20 5.00 5.95 -5.00 15.00 23 5.00 6.07 -5.0 20.00
8 L 20 10.00 8.01 5.00 35.00 23 5.00 8.49 -5.0 25.00
0.25 R 20 10.00 3.73 0.00 15.00 23 5.00 3.95 0.0 15.00
0.5 R 20 5.00 4.94 0.00 15.00 23 10.00 4.49 -5.0 15.00
1 R 20 5.00 4.55 -5.00 15.00 23 0.00 4.38 -5.0 15.00
2 R 20 5.00 3.97 0.00 15.00 23 5.00 3.76 0.0 10.00
4 R 20 5.00 5.62 -5.00 15.00 23 5.00 5.27 -5.0 15.00
8 R 20 10.00 5.36 0.00 20.00 23 10.00 8.29 -5.0 30.00

PTAs
PTALeft L 20 5.00 3.04 0.00 11.25 23 2.50 3.01 -2.5 8.75
PTARight R 20 4.38 3.78 -1.25 12.50 23 3.75 3.16 -2.5 11.25
PTA 20 5.31 2.92 0.62 10.62 23 3.75 2.87 -2.5 10.00

PTA: average detection threshold at 0.5, 1, 2, & 4 kHz.
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Di�erences between groups (APD, and TD children with/without an APD

sibling) for detection thresholds across frequencies and ears were statistically tested

with a three-way 6 x 2 x 3 factorial design with repeated measures. Inspection

of the data for linear model residuals revealed that the assumption of normality

and homoscedasticity were violated. Therefore, a non-parametric approach was

adopted, using a rank-based ANOVA-type statistic test (ATS) with the nparLD()

function (nparLD package, Noguchi et al., 2012). The ATS test results are given

in Table 4.5. There was no significant three-way or two-way interaction between

the three predictors, nor a significant main e�ect of Ear or Group (all p
Õ
s > 0.05),

whereas there was a highly significant main e�ect of Frequency (p < 0.001).

Table 4.5: Standard audiometry: Statistical analysis for the e�ects of Frequency (0.25 -
8 kHz), Ear (left/right) and Group (APD, and TD with/without an APD sibling) and
their interaction (6 x 2 x 3 factorial design with repeated measures) tested with a robust
rank-based method for analysis of nonparametric data using nparLD package (Noguchi
et al., 2012). Analysis was based on a f1-ld-f2 design ANOVA-type statistic (ATS) test,
whereby f1 refers to an experimental design with a single between-subjects factor (Group)
and f2 refers to two within-subjects factors (Frequency and Ear).

Statistic df p

Group 2.126 1.836 0.124

Frequency 18.505 2.861 < 0.001
Ear 0.855 1.000 0.355

Group:Frequency 0.555 3.900 0.691

Ear:Frequency 0.400 3.767 0.798

Group:Ear 1.747 1.759 0.179

Group:Frequency:Ear 1.659 5.855 0.128

significant p-values (p < 0.05) are shown in bold.

Group di�erences for PTAs measured in the left and the right ear were ex-

amined using a 2 x 2 LMEM model (parametric model assumptions were met).

Ear (Left/Right) and Group (APD/TD) were set as fixed factors (reference levels:

Ear = Left; Group = APD) and PTA (in dB HL) as dependent variable, as well as

random intercepts for subjects. Note that the TD children were treated as a single

group, since there was no significant di�erence in thresholds across the TD children

with or without an APD sibling. A model with an interaction term was found to
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give the best fit, showing a significant interaction between the tested ear and group

[‰2(1) = 4.32, p = 0.038]. Post-hoc paired-comparison t-tests based on the fitted

model were computed using the lsmeans() function (emmeans package, Lenth, 2020)

which revealed a significant di�erence between the groups for PTA measured in the

left ear (Estimate = 2.68, 95% ≠ CI = 0.70 ≠ 4.67, p = 0.01). However, a group

di�erence of 2.5 dB is rather small and clinically negligible, and is likely to occur

due to sampling error. No significant di�erence was found between the two groups

for PTA measured in the right ear (Estimate = 0.80, 95% ≠ CI = ≠1.18 ≠ 2.78,

p = 0.42). Therefore, the listeners average PTA across the two ears (PTA) was

used for later analysis.

4.3.2 EHF audiometry

The listeners pure-tone detection thresholds measured at the frequencies of 8, 11

and 16 kHz are plotted in Figure 4.5 separately for the left and the right ear. In

many cases it was not possible to recorded a response for thresholds measured at

20 kHz, resulting in a large portion of missing data points in both groups. This was

because the maximal presentation level of the equipment was reached for thresholds

above circa 10 dB HL at 20 kHz. Therefore, thresholds measured at 20 kHz were

not included in the analysis. A comparison of the group means reveals relatively

small di�erences in thresholds between the groups, with a relatively larger di�erence

in the left ear, where APD thresholds at 11 and 16 kHz were on average 5 dB higher

(i.e., poorer). Boxplots of the listeners thresholds by frequency and ear as well as

their calculated PTAs are shown in Figure 4.6 A-B. Descriptives of the groups’

detection thresholds are given in Table 4.6.

Di�erence in thresholds across group (APD, and TD children with/without an

APD sibling), frequencies (8, 11, & 16 kHz) and ears (left/right) were examined

for a 3 x 2 x 3 repeated measures factorial design. Inspection of parametric model

assumptions revealed that the assumptions of normality and homoscedasticity
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Figure 4.5: EHF audiometry: Pure-tone detection thresholds for the extended high-
frequencies measured in the left and the right ear. The thin red lines represent the
individual thresholds in the APD group and the group mean is marked by the bold red
line. The shaded light blue area represents the TD group threshold range and the bold
blue line represents the TD group mean at each frequency.
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Figure 4.6: EHF audiometry: Boxplots for pure-tone detection thresholds measured
at the extended high-frequencies split by ear and groups (A). Boxplots of the groups
averaged PTAs are depicted in figure B. Individual scores are indicated by circles.

were violated. Therefore, the same nonparametric procedure as used for standard

audiometry was performed using nparLD package. The ATS ANOVA-type test

(given in Table 4.7) found no significant three-way nor two way interaction between

the di�erent predictors. There was however a highly significant di�erence in

thresholds between the three frequencies (p < 0.001), whereas no significant main

e�ect for Group or Ear was found.
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Table 4.6: EHF audiometry: Descriptive for pure-tone detection thresholds (dB HL) by
extended-high frequencies (kHz) split by ear and group.

APD TD
Ear n median sd min max n median sd min max

Frequency
8 L 19 15.0 7.27 0.0 30 22 15.0 6.50 0 25
11 L 19 10.0 11.65 5.0 45 22 10.0 10.71 0 40
16 L 19 5.0 13.80 0.0 40 22 0.0 8.11 0 25
8 R 19 15.0 7.08 5.0 30 22 12.5 8.34 0 35
11 R 19 10.0 11.19 0.0 45 22 10.0 13.24 0 45
16 R 19 2.5 10.04 0.0 30 22 0.0 10.51 0 35

PTAs
PTALeft L 19 10.0 10.39 0.0 40 22 10.0 8.09 0 25
PTARight R 19 10.0 8.27 0.0 25 22 7.5 10.83 0 35
PTA 19 10.0 8.59 2.5 30 22 7.5 9.05 0 35

PTA: average detection threshold at 8, 11, & 16 kHz.

Table 4.7: EHF audiometry: statistical analysis for the e�ects of Frequency (8, 11, &
16 kHz), Ear (left/right) and Group (APD, and TD with/without an APD sibling) as
well as their interaction (3 x 2 x 3 factorial design with repeated measures) tested with
a robust rank-based method for analysis of nonparametric data using nparLD package
(Noguchi et al., 2012). Analysis was based on a f1-ld-f2 design ANOVA-type statistic
(ATS) test, whereby f1 refers to an experimental design with a single between-subjects
factor (Group) and f2 refers to two within-subjects factors (Frequency and Ear).

Statistic df p

Group 1.124 1.911 0.323

Frequency 29.793 1.992 < 0.001
Ear 0.226 1.000 0.635

Group:Frequency 1.924 3.564 0.112

Ear:Frequency 0.150 1.940 0.855

Group:Ear 0.167 1.998 0.846

Group:Frequency:Ear 0.716 3.638 0.568

significant p-values (p < 0.05) are shown in bold.

Similarly, an additional nonparametric 2 x 2 factorial design model was used to

examine the di�erence between the two groups (APD/TD) for the PTAs measured

in the left and the right ear. As before, the TD group was treated as a single group

since no significant di�erence was found between TD children with or without an

APD sibling. Parametric model assumption of normal distribution was rejected
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(Shapiro-Wilk test; p < 0.05), while the assumption of homoscedasticity was met.

The nparLD ATS test found no significant two-way interaction between Group and

Ear nor a main e�ect of Group or Ear (all p
Õ
s > 0.05; see Table 4.8).

Table 4.8: EHF audiometry: Statistical analysis for the calculated PTAs by Ear
(Left/Right) and Group (APD/TD) as well as their interaction (2 x 2 factorial design with
repeated measures) tested with a robust rank-based method for analysis of nonparametric
data using nparLD package (Noguchi et al., 2012). Analysis was based on a f1-ld-f1 design
ANOVA-type statistic (ATS) test, whereby f1 refers to an experimental design with a
single between-subjects factor (Group) and a single within-subjects factor (Ear).

Statistic df p

Group 0.796 1 0.372

Ear 0.982 1 0.322

Group:Ear 0.234 1 0.628

4.3.3 ST

4.3.3.1 Outliers & missing data

As a first step, the listeners adaptive tracks and psychometric functions were

manually inspected for abnormalities. Since the SRdT is limited to a DC of 0.97,

the adaptive procedure may not be able to present trials that are easy enough for

performance levels to reach 50%-correct of key words in sentences. This could have

potentially occurred in the more challenging test conditions with speech distractors.

Thus, the proportion of correct keywords within the final test trials (LevsPC) was

calculated as a measure describing the success of the adaptive procedure, whereby

a successful procedure is expected to have a LevsPC at approximately 50%. A

binomial statistical test was applied to identify observations that significantly di�er

from 50%. Observations with LevsPC Æ 35% were labelled as possible outliers and

were further inspected (see Figure 4.7). Interestingly, most of the outliers belonged

to the CCRM material with 29 observations from a total of 258 (6 conditions x

43 listeners), whereas only 3 observations out of a total of 215 (5 conditions x 43

listeners) were labelled as outliers for data measured with the ASL speech material.
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Figure 4.7: ST raw data: Frequency of potential outliers with LevsPC Æ 35%. LevsPC
denotes the proportion of correct keywords within the final test trials.

As expected, most of the identified cases in both materials were for observations

measured with the more demanding conditions with speech distractors. In five cases

(2 ASL; 3 CCRM) we were able to confidently determine that the listener’s true

score was near to floor, and thus these observations were set to the maximal DC in

the task (0.97). In other cases it was not possible to confidently determine the true

SRdT, either because the procedure ended after reaching the maximum number

of trials before a minimum number of test reversals was obtained (x1 CCRM, x2

ASL), or due to aberrant adaptive tracks (x5 CCRM). Since all these cases belonged

to more challenging test conditions with speech distractors, it is very likely that

the children’s true score is at or beyond the upper DC limit. Thus, to account for

that, rather than removing these observations, which will consequently reduce the

statistical power and may not represent the true performance in the group, they

were set to a DC of 1, which is above the task’s upper DC limit of 0.97.

140



4. Association between specific higher-level cognitive and auditory processing aspects

with APD in children

4.3.3.2 SRdTs by age

Since the present study sample comprised young children of di�erent ages from

circa 7 to 13 years, a developmental age e�ect was expected, whereby performance

was expected to improve with increasing age. This is illustrated by the scatterplots

and linear regression lines plotted in Figure 4.8 A-B split by groups for the

listeners’ SRdTs obtained across the di�erent test conditions and speech material

(ASL/CCRM) as a function of age. Note that smaller SRdTs indicate better

performance. The age e�ect was tested against the TD group alone because

this group is more homogeneous and thus expected do display smaller variability

than the APD group. Also, developmental changes may well be di�erent in the

APD group. Nonetheless, despite the larger spread in the APD group, this group

showed a similar trend in performance, albeit shifted towards higher SRdTs (i.e.,

poorer performance). The TD regression lines were determined based on a model

comparison and outlier trimming procedure to improve model prediction (described

in Section 4.2.4.1). Simple regression lines were found to be the most suitable in

describing the relationship between the TD children’s performance and age in all

test conditions but the MDR_F condition for the ASL material, where a segmented

line was found to give the best fit. The MDR_F segmented line indicated that DC

improved with age by circa 0.1 per year until reaching a plateau at the age of 9.5

years. Simple (Pearson) correlations between the test conditions are given in the

appendix, separately for the ASL and CCRM speech material in Figure A.1 and

Figure A.2, respectively. The test conditions showed strong positive correlations

with one another, bar insignificant correlation between the CCRM conditions Quiet-

NoAlt and CCRM_F.

Looking at Figure 4.8 A-B, it is noticeable that children in both groups showed

a larger decrement in performance when presented with speech distractors. The

regression lines indicate that the improvement in performance by age was more

prominent for speech distractors, with relatively steeper slopes (at least twice as

steep) than for the non-speech distractor (AMSSN) or for conditions without a
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Figure 4.8: ST: Scatterplot and linear regression lines for the listeners SRdTs measured
with the ASL (A) and the CCRM speech material (B) as a function of age. Corresponding
regression coe�cients and statistics are provided for the TD group only. Red indicates
data from the APD group and blue indicates data from the TD control group (square
shapes: TD children with an APD sibling; triangle shapes: the remaining TD children).
Data for normal hearing adults taken from Chapter 2 is shown in the boxplots as a
reference. The dashed lines represents the task lower and upper DC limit of 0.05 and
0.97, respectively.

distractor. Furthermore, as expected, CCRM sentences were more intelligible, with

performance shifted towards lower DC values relative to performance for the ASL

speech material. The lower DC meant that the children were able to understand

50% of the sentences with larger portions of the speech information missing.

These findings raise the following questions – do all the conditions show a

significant age e�ect? Moreover, since the e�ect of age is not the same across

the test conditions, which conditions showed the largest age e�ect? One possible
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way to tackle these questions is to compare the separate regression models using

F-statistics. Nonetheless, due to the small sample-size and the large number of

paired comparisons, such test lacks a statistical power and the results may not

reflect the true e�ect in a larger sample. The TD group regression models R
2 and

p-values are given at the bottom part of Figure 4.8 A and B. The ASL models

p-values indicated a highly significant age e�ect for ENG_F, MDR_F and Quiet-

NoAlt condition as well as a marginal e�ect for AMSSN (p = 0.048), whereas

no significant age e�ect was found for Quiet-Alt (p = 0.168). As for the CCRM

material, there was a highly significant age e�ect for ENG_F and a marginal e�ect

for the Quiet-Alt condition (p = 0.058) and for CCRM_F condition (p = 0.05)

which was not included in the LMEM model, whilst there was no significant age

e�ect found for Quiet-NoAlt, AMSSN and MDR_F conditions. Furthermore, age

was found to be a better predictor (i.e., accounting for larger variance in SRdT) for

conditions with speech distractors, with R
2 ranging between 32% to 72% for the

ASL material and about 12% to 29% for the CCRM. A comparison between the test

conditions regression line slopes split by test material is depicted in Figure 4.9. A

possible pattern emerges from the figure, where slopes for the quiet and non-speech

conditions are fairly similar across the two speech materials (indicated by their

proximity to the diagonal line), while, di�erences between the slopes are relatively

larger for speech distractors, in particularly for MDR_F where the slope for the ASL

material (-0.13) is about six times steeper than the slope for the CCRM material

(-0.02).

A closer look at the regression lines shows several interesting trends. The

non-speech AMSSN distractor had little-to-no e�ect on performance, at least in

the TD group, where performance was fairly similar to performance in the Quiet

conditions. Introducing alternations (as in Quiet-Alt vs. Quiet-NoAlt), seems to

hinder intelligibility in both groups. However the e�ect is relatively small and may

not be significant due to the large spread in the APD group. Furthermore, when

comparing the regression lines, there appears to be a relatively larger separation
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Figure 4.9: ST: Age e�ect: a comparison beteween the regression line slopes fitted for
the CCRM (x-axis) and ASL speech material (y-axis). Test conditions are represented by
the di�erent symbols. The diagonal line represents an optimal agreement between the
speech materials. Observations falling below the line indicate a steeper slope for the ASL
material than for the CCRM material.

between the groups for SRdTs measured with the CCRM material, especially for

AMSSN, but also for the speech distractors. However, it is possible that the

APD regression lines do not reflect the true population due to the large spread

in performance and the small sample size and thus any interpretation should be

taken with caution. Another interesting observation is that the children showed

little-to-no masking-release for speech spoken in an unfamiliar language (MDR_F)

when compared with a distractor spoken in English (ENG_F). This is in agreement

with findings in the adult study in Chapter 2. Lastly, it is apparent from the figure

that performance for the CCRM_F distractor was near-to-floor for some children,

mostly among the APD group.

Next, the age e�ect in the TD children only was tested using an LMEM model,

with Condition (Quiet-NoAlt, Quiet-Alt, AMSSN, MDR_F, & ENG_F), Material

(ASL/CCRM), Age, and Sibling (TD children with/without an APD sibling,

TD/TDAP Dsib) as fixed factors, SRdT as the dependent variable and random

intercepts for subjects (reference levels: Condition = Quiet-NoAlt; Material =

ASL, Sibling = TD). Note that the analysis was carried out only for the control

group, since this will be later used to obtain the normed test scores. Furthermore,
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data for CCRM_F was excluded from the model since it was only measured

for the CCRM material4. The final LMEM model that gave the best fit and

e�ects are given in Table 4.9. Inspection of parametric assumptions based on the

model’s residuals confirmed that both the assumption of normal distribution and

homogeneity of variance were met. Model comparison revealed a significant three-

way interaction between Condition x Material x Age, and a two-way interaction

between Material x Sibling (all p
Õ
s < 0.05).

Table 4.9: ST: Age e�ect analysis using LMEM for SRdTs measured across condition,
speech material, age and children from the TD group with/without an APD sibling
(Sibling: TD/TDAP Dsib) as fixed factors and random intercepts for subjects. Reference
levels: Condition = Quiet-NoAlt, Material = ASL, Sibling = TD. Note: only data for the
control group (TD) following outlier trimming was included.

SRdT ~ Condition + Material + Age + Sibling +
Condition:Material + Condition:Age + Material:Age + Condition:Sibling +
Material:Sibling + Age:Sibling + Condition:Material:Age + (1 | Subjects)
E�ects Df ‰

2
p

Condition:Sibling 4 6.105 0.191

Material:Sibling 1 5.027 0.025
Age:Sibling 1 0.211 0.646

Condition:Material:Age 4 9.869 0.043
* significant p-values (p < 0.05) are shown in bold.
† Only 3rd order interaction and Sibling e�ect is shown.

The significant three-way Condition x Material x Age interaction supports the

observation in Figure 4.8 A-B, that the e�ect of age depends on material type

and test condition. Model based estimated marginal means (EMMs) of the SRdTs

(in DC) across the test conditions were computed per year from 7 to 12 for the

two speech materials and are shown in Figure 4.10. The figure reveals several

interesting trends. Firstly, we can see that performance is strongly dependent on

material type, with better performance (i.e., smaller DC) for the CCRM than for

the ASL material. Second, there is a significant developmental trend across test
4A separate model for the CCRM data with CCRM_F-Alt condition showed similar results,

with a strong significant Condition x Age interaction (p < 0.001) and no main e�ect of Sibling
(p > 0.05).
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conditions, where SRdTs decreased (i.e., improved) by age. However, the e�ect-size

of age is not the same across test conditions and material type, with a decrement in

SRdTs ranging between circa 0.02 to 0.3. Looking at the figure, we can see that the

developmental e�ect was similar across the two material types for the AMSSN and

ENG_F distractors, while it di�ered to a varying degree across the rest of the test

conditions. Speech distractors exhibited the largest decrement (i.e., improvement)

across the age span, varying between 0.18 to 0.30 DC decrement across the age

span. Decrement in DC over age for nonspeech distractor and quiet conditions

on the other hand varied between 0.02 to 0.16. Overall however, the combined

age e�ect appears to be fairly similar in the two material types, with an average

improvement of 0.024 and 0.022 DC per 1 year for the ASL and CCRM material

respectively. As for the relationship between test conditions and material type,

the figure suggests that there is a similar trend in both speech materials (albeit

shifted), but with a larger e�ect size in some conditions than others.
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Figure 4.10: ST: Condition x Material x Age interaction: model based estimated
marginal means, EMMs (in DC). EMMs were computed using the emmeans function
(emmeans package).
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Lastly, the significant interaction between Material and Sibling suggests that

the di�erences between the two groups depends upon the material type. This is not

surprising considering the large di�erences between the two material types, where

the CCRM sentences are expected to be more intelligible. Furthermore di�erences

in means between the two TD groups within speech material were generally very

small (see Figure 4.11). Interestingly however, the model based estimated marginal

means for performance of the TDAP Dsib children was on average 0.008 better than

their TD peers for the ASL material and 0.04 poorer for the CCRM material. These

results are in contradiction to our expectations if any di�erences arose. In such

a case, we would have predicted a larger decrement in performance (i.e., poorer

score) for the ASL sentences which are more linguistically challenging than for the

CCRM sentences. Nonetheless, the very small estimated mean di�erences and the

negligible e�ect-sizes suggests that the di�erences picked up by the model are due

to sampling error. This e�ect was further examined using a model-based post-hoc

t-tests comparison (see Table 4.10). The tests found no significant di�erences in

SRdTs between the two TD groups in both speech materials (both p
Õ
s > 0.05).

Since the e�ect of sibling was not significant, it was not further examined in this

section and the TD children were treated as a single group.

Table 4.10: ST: Age-e�ect: post-hoc paired-comparison t-tests for Material
(ASL/CCRM) x Sibling (TD/TDAP Dsib) interaction. The test was performed on the
fitted LMEM model and included adjusted least-squared-mean for the random intercepts
(subjects) using the emmeans package (Lenth, 2020).

contrast material Estimate SE Df t p 95% ≠ CI d magnitude

TD - TDAP Dsib ASL 0.01 0.03 45.37 0.32 0.75 -0.04 - 0.06 0.19 negligible
TD - TDAP Dsib CCRM -0.04 0.03 45.81 -1.58 0.12 -0.09 - 0.01 -0.13 negligible
d: Cohen’s d.
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Figure 4.11: ST: sibling and age e�ect: Scatterplot and linear regression lines for the
TD listeners SRdTs measured with the ASL (A) and the CCRM speech material (B) as a
function of age. The TDAP Dsib group is marked in light blue and the TD group is marked
in darker shade of blue

4.3.3.3 Age-independent z-scores

Age-independent standardised residuals (z-scores) were calculated based on a model

prediction for the TD group data using a multiple-case study approach (Ramus et al.,

2003, or see Section 4.2.4.1 for more details). Descriptive statistics for the listeners’ z-

scores are given in Table 4.11. Additional boxplots are shown in Figure 4.12 A-B, for

the ASL and CCRM speech material respectively. Scores were calculated separately

for each test condition, with better performance indicated by lower z-scores. The

grey area marks scores in the ‘normal’ region (|score| ± 1.96), where about 95%

of the normal population is expected to lay within. Overall, APD children’s

performances were noticeably poorer for both test materials, with higher median

z-scores compared with the TD children. As before, simple (Pearson) correlations
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Table 4.11: ST: Descriptives for standardised residuals (z-scores) calculated for data
measured with the ASL and CCRM speech material.

APD TD
n median sd min max abnormal n median sd min max abnormal

ASL
Quiet-NoAlt 20 1.81 1.39 -0.76 3.74 45.00% 23 0.00 1.96 -1.69 6.05 13.04%
Quiet-Alt 20 0.29 0.87 -0.79 2.12 10.00% 23 -0.13 1.46 -1.72 5.27 4.35%
AMSSN-Alt 20 1.79 1.45 -0.82 4.50 50.00% 23 0.10 2.35 -2.18 9.04 13.04%
MDR_F-Alt 20 0.99 1.75 -1.31 5.37 40.00% 23 -0.13 1.11 -1.44 2.91 8.70%
ENG_F-Alt 20 0.90 1.53 -2.96 3.09 20.00% 23 0.12 1.55 -4.44 1.75 0.00%

CCRM
Quiet-NoAlt 20 0.36 1.75 -1.73 5.70 20.00% 23 0.38 1.57 -1.92 5.72 8.70%
Quiet-Alt 20 0.47 1.23 -1.66 3.58 15.00% 23 -0.08 1.19 -1.68 3.44 4.35%
AMSSN-Alt 20 1.62 2.03 -1.39 7.95 40.00% 23 -0.28 1.09 -1.38 2.50 4.35%
MDR_F-Alt 20 0.86 1.40 -1.12 4.06 25.00% 23 0.28 1.11 -1.87 2.77 4.35%
ENG_F-Alt 20 1.05 1.22 -0.80 3.25 20.00% 23 0.26 1.14 -1.80 2.99 4.35%
CCRM_F-Alt 20 1.11 0.89 -1.59 2.24 10.00% 23 0.24 0.98 -1.76 1.47 0.00%

abnormal: defined as the percentage of abnormal z-score > 1.96.
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Figure 4.12: ST: Boxplots of the listeners’ age-independent standardised residuals for
data measured with the ASL (A) and the CCRM speech material (B). Residuals were
calculated separately for each condition and are based on a model prediction for the
TD group only. The grey area represents scores in the ’normal’ region, where about
95% of the normal population is expected to lay within. To each side of the grey area,
deviance scores were defined as z-scores below or above 1.96, which represents the upper
and bottom 2.5% in the TD group. The dashed line represents the theoretical TD group
mean (z = 0). Individual scores are indicated by circles.
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between the test conditions are shown in the appendix, separately for the ASL

(Figure A.3) and CCRM material (Figure A.4). The vast majority of the test

conditions significantly correlated with one another, excluding correlation between

AMSSN and ENG_F test conditions (ASL) and between Quiet-NoAlt and ENG_F

and CCRM_F (CCRM). The next paragraphs will cover inspection of the data and

statistical analysis of group di�erences separately for each type of speech material.

4.3.3.3.1 ASL speech material

Surprisingly, a comparison of the groups averaged z-score reveals that the non-

switched quiet condition (Quiet-NoAlt) and the switched condition with the

nonspeech distractor (AMSSN) yielded the largest separation between the groups,

with APD median z-scores of 1.81 and 1.79, respectively, laying just within the

norms upper limit. Performance of the APD children was also noticeably poorer

for conditions with speech distractors (MDR_F and ENG_F), each with a median

z-score of circa 1, whereas performance for Quiet-Alt condition was fairly similar

between the groups.

Within the APD group AMSSN, Quiet-NoAlt and MDR_F resulted in the

highest proportion of abnormal scores5. Surprisingly, the AMSSN distractor yielded

the highest proportion of abnormal scores, where half of the APD children fell

outside the norm (10/20, 50%). This was followed by the non-switched condition

Quiet-NoAlt, where paradoxically and against our expectation, 45% of the APD

group (9/20) had abnormally poor scores, whereas only 10% (2/20) had abnormal

scores in the switched condition Quiet-Alt. Moreover, while the overall performance

was similar for the two speech distractors, the percentage of abnormal scores was

twice as large for the MDR_F condition (8/20, 40%) as for the ENG_F condition
5With the aim to develop a clinically applicable test that exhibits good sensitivity and specificity,

we were only interested in identifying children with clinically poor performance. Thus, an abnormal
score was defined as a one-tailed deviance cut-o� z-score > 1.96, within which circa 97.5% of the
normal population is expected to lay.
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(4/20, 20%). The proportion of abnormal scores amongst the TD group ranged

between 0% to 13% (M = 7.8%), which is relatively higher than expected in the

normal population.

4.3.3.3.2 CCRM speech material

Figure 4.12 B reveals a similar trend for the CCRM sentences, nonetheless with

more modest di�erences between the two groups. Again, AMSSN yielded the largest

separation between the groups, where 40% (8/20) of the APD children obtained

abnormal scores and with a median score of 1.62, which is relatively close to the

+1.96 upper deviance cut-o�. In comparison, only 4.3% of the TD children (1/23)

had abnormal performance for the AMSSN condition. The APD group median

score for the speech distractors was approximately 1 (range: 0.86 ≠ 1.11), however

the proportion of abnormal APD children was noticeably smaller than seen for

the AMSSN, with 25% (5/20) for the MDR_F, 20% (4/20) for the ENG_F, and

only 10% (2/20) for the CCRM_F distractor. Lastly, in contrast to the ASL

material, performance for the CCRM sentences presented in quiet was relatively

better without switching (NoAlt) than with switching (Alt). Nonetheless, the

spread in performance for the non-switched condition was larger. The percentage

of abnormal scores in the TD group were relatively low, ranging between 0 to 8.7%

(M = 4.3%).

A three-way 2 x 2 x 5 factorial design model with repeated measures was used to

test the main e�ects of Group (APD/TD), Material (ASL/CCRM) and Condition

as well as their interaction on performance in the task with z-scores as a dependent

variable. Note that the model did not include the CCRM test condition with CCRM-

type sentences as distractor (CCRM_F) since there was no comparable condition

in the ASL speech material. Inspection of parametric methods assumptions for the

residuals of a linear model revealed that the assumption of a normal distribution

was rejected, whereas the assumption of homogeneity of the variance was met. Since
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there are several obvious outliers in the data and due to the incomplete fulfilment of

parametric assumptions a non-parametric approach was adopted. This was tested

with a rank-based ANOVA-type statistic test (ATS) using the nparLD() function

(nparLD package, Noguchi et al., 2012). The analysis was based on a f1-ld-f2 design

ATS test: f1 refers to an experimental design with a single between-subjects factor

(Group), whereby f2 refers to two within-subjects factors (Material & Condition).

The test results are given in Table 4.12. No significant three-way or two-way

interaction, nor a main e�ect of Material was found (p > 0.05), whereby there was

a significant main e�ect of Condition, as well as a highly significant main e�ect of

Group, wherein the APD group performance was poorer than compared with the

TD group.

Table 4.12: ST: Statistical analysis for the e�ects of Group (APD/TD), Material
(ASL/CCRM), and Condition (Quiet-NoAlt, Quiet-Alt, AMSSN, MDR_F, ENG_F) as
well as their interaction (2 x 2 x 5 factorial design with repeated measures) tested with
a robust rank-based method for analysis of nonparametric data using nparLD package
(Noguchi et al., 2012). Analysis was based on a f1-ld-f2 design ATS test, whereby f1 refers
to an experimental design with a single between-subjects factor (Group) and f2 refers to
two within-subjects factors (Material and Condition).

Statistic df p

Group 13.55 1.00 0.00
Material 0.25 1.00 0.62

Condition 3.73 3.45 0.01
Group:Material 0.18 1.00 0.67

Condition:Material 1.47 3.47 0.21

Group:Condition 1.96 3.45 0.11

Group:Material:Condition 0.69 3.47 0.58

significant p-values (p < 0.05) are shown in bold.

An additional 2 x 6 model was computed for the full CCRM data, including the

test condition with the CCRM-type distractor (CCRM_F-Alt). The model included

Group (APD/TD) and Condition as between- and within-subjects predictors,

respectively, with z-scores as the dependent variable using nparLD ATS test

(f1-ld-f1 design). The ATS test results were similar to those of the full model,

with a significant main e�ect of Group (Statistic = 10.980, Df = 1.000, p <
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0.001). However, there was no significant main e�ect for Condition nor a significant

Group x Condition interaction (both p
Õ
s > 0.05).

The 2 x 2 x 5 nparLD() test results implies that the APD group cannot be

impaired to the same degree in every condition, when compared to the TD group.

If the APD group would have been impaired to the same amount as the TD group,

then the model would have predicted only a Group main e�ect. In fact, by definition,

it is not possible to get a main e�ect of Condition for the TD group alone. This

is because the z-scores were normed based on the TD group, whereby the TD

group mean should be near 0 across conditions. This implies that the main e�ect

of Condition has to be driven by the APD group. Therefore, this suggests that

the APD children are more impaired in some test conditions than others, and so

a Group x Condition interaction should be expected. Looking at Figure 4.12, it

seems that the APD group is a�ected di�erently by test condition for the two

speech materials. For example, group di�erences for the ASL material are larger

for the Quiet-NoAlt and AMSSN condition, with poorer (i.e., higher z-scores) for

the APD group than for the TD group, when compared with the speech distractors

and Quiet-Alt condition. Similarly, for the CCRM material, group di�erences seem

larger for the AMSSN distractor than compared with the speech distractors, and

di�erences are smallest for both Quiet conditions. However, this 2-way Group x

Condition interaction has not been picked up by the statistical model. Therefore,

it is possible that the lack of interaction was due to the use of a nonparametric

method which are known to have a reduced statistical power, in particularly for a

small sample-size with large variability in performance (Whitley & Ball, 2002).

This supposition was explored using a robust one-way ANOVA with trimmed

means (20%) and bootstrapping (n = 2000) using the t1waybt() function (WRS2

package, Mair & Wilcox, 2020). Since the e�ect of Material was small, and because

di�erences between test conditions are more central for the research questions, it

was decided to test this in the APD group separately for each speech material.
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The model for the ASL data found a significant e�ect of Condition (F = 3.877,

p = 0.015, e�ect-size: 0.389), whereas the CCRM model found no significant e�ect

of Condition (F = 0.076, p = 0.231, e�ect-size: 0.276). A post-hoc pairwise

comparison of test conditions for the ASL data with bootstrapping (n = 2000) was

computed using the mcppb20() function from the same package, whereby Â̂ denotes

the pairwise trimmed di�erence. Four out of ten comparisons were significant

(significance level: p < 0.05), two of which would be significant after correction

for multiple comparisons: Q-NoAlt - Quiet-Alt (Â̂ = 1.46, p = 0.002), Quiet-Alt

- AMSSN (Â̂ = ≠1.42, p < 0.001), AMSSN - ENG_F (Â̂ = 1.00, p = 0.05), and

Quiet-NoAlt - ENG_F (Â̂ = 1.05, p = 0.05). Furthermore, as a way of verification

of this hypothesis, a similar analysis was carried out for the TD data, indicating no

significant Condition e�ect, whereby the smallest significance level was p = 0.75,

hence supporting this idea.

As seen in the boxplots in Figure 4.12, and in agreement with our prediction, the

magnitude of the di�erences between the two groups was di�erent when the target

sentences were presented in quiet than when presented with an additional distractor;

wherein, there seemed to be larger group di�erences for conditions with a distractor

(except for the outlier condition Quiet-NoAlt-ASL). Nevertheless, this observation

was rejected by the statistical models, indicating no 3- and 2-way interactions for

Group, Condition and Material type. A possible explanation for these results may be

the large variability in the TD and APD groups performance and the small sample

size, resulting in underpowered models. The next paragraph covers a subsidiary

analysis where we investigated the e�ect of distractor interference (Masking) by

material type on the performance in the two groups. For this, the individuals’

z-scores were summarised into two categories for each speech material: (1) masked,

which comprised of all the test conditions with a distractor (i.e., AMSSN, ENG_F,

MDR_F, and CCRM_F for the CCRM speech material), and (2) non-masked,

which comprised of the two quiet conditions (Quiet-NoAlt and Quiet-Alt). The

listeners’ performance split by Group (APD/TD), Masking (non-masked/masked),
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and Material type (ASL/CCRM) is shown in Figure 4.13. It is apparent from

this figure that di�erences between the groups depended on speech material in the

non-masked conditions, but not in the masked conditions, where di�erences were

similar in both the ASL and CCRM speech material.
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Figure 4.13: ST: Subsidiary analysis: Boxplots of the listeners summarised z-scores
by: (A) Masking (non-masked/masked) and Material type (ASL/CCRM), (B) Masking
(non-masked/masked). Individual scores are indicated by circles.

This was examined with a 2 x 2 x 2 a rank-based ATS f1-ld-f2 model using

nparLD() package (Noguchi et al., 2012) with Group (APD/TD) as between-

subjects factor, and Masking (non-masked/masked) and Material (ASL/CCRM) as

between-subjects factors (reference levels: Group = APD; Masking = non-masked;

Material = ASL). Parametric model assumption of homoscedasticity of variance

was met, whereas the assumption of normal distribution was rejected. None of

the interaction terms were significant, however the Group x Masking interaction

approached significance (p = 0.07) as well as a highly significant main e�ect of

Group (see Table 4.13). This suggests that the di�erences between the two groups

depends on Masking, whereby this was likely determined by the larger di�erence

between the two Masking conditions in the APD group.
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Table 4.13: ST: Subsidiary analysis: A 2 x 2 x 2 factorial design with repeated
measures for the e�ects of Group (APD/TD), Masking (non-masked/masked) and Material
(ASL/CCRM) on the listeners’ summarised z-scores using nparLD package (f1-ld-f2 design
ATS test, whereby f1 refers to an experimental design with a single between-subjects
factor (Group) and f2 refers to two within-subjects factors (Masking and Material).

Statistic df p

Group 13.23 1 0.00
Masking 0.58 1 0.44

Material 0.40 1 0.53

Group:Masking 3.17 1 0.07

Material:Masking 1.15 1 0.28

Group:Material 1.01 1 0.32

Group:Masking:Material 1.49 1 0.22

significant p-values (p < 0.05) are shown in
bold.

4.3.3.4 Derived scores

4.3.3.4.1 Proportion of duty cycle (DC)

The cost of switching the stimuli between the two ears was calculated for the

test conditions without an additional distractor by subtracting the non-switched

condition Quiet-NoAlt from the switched condition Quiet-Alt. Whereby, the larger

the derived score (in DC), the larger the switching cost. Similarly, the e�ect of IM

after accounting for the switching cost was calculated by subtracting the Quiet-Alt

condition from the test conditions with distractors (see Figure 4.14). It appears

from the figure that performance in the TD and the APD group are more similar

for less challenging conditions, and becomes more di�erent for more challenging

conditions with speech distractors. The results indicate that switching alone or the

use of a nonspeech distractor had little e�ect on children from both groups. We

hypothesised that the switching cost and IM e�ect would decline with age, resulting

in negative correlation between the derived score and age. Looking at the TD group

regression lines, this was mostly true, except for the CCRM conditions AMSSN and

MDR. Nonetheless, the e�ect of age was generally small.
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Figure 4.14: ST: Scatterplot and linear regression lines for the listeners derived scores
(in DC) with the ASL (A) and the CCRM speech material (B) as a function of age.
Corresponding regression coe�cients and statistics are provided for the TD group only.
Red indicates data from the APD group and blue indicates data from the TD control
group (square shapes: TD children with an APD sibling; triangle shapes: the remaining
TD children).

Two separate LMEM models were used to examine the e�ect of switching and

IM with the derived scores (in DC) as dependent variable and random intercepts

for subjects (parametric model assumptions were met). Data measured with the

CCRM_F distractor was excluded from the analysis since it was only measured

for the CCRM material. Furthermore, since we did not find strong evidence for a

sibling e�ect for the non-derived scores, the TD children were treated as a single

group. The first model examined the e�ect of switching with Material and Age as

fixed factors. The model that gave the best fit did not include Material, indicating

that the switching cost was the same across the two material types. However, there

was a significant main e�ect of Age (‰2 = 4.448, Df = 1, p = 0.035). IM e�ects

157



4.3. Results

were tested for the three distractors (Distractor), Material, and Age as fixed factors.

The model that gave the best fit and test results is given in Table 4.14. There was

a significant main e�ect of Material (p = 0.037) as well as a significant Distractor x

Age interaction (p = 0.025). Similarly, a separate LMEM model that looked into

the IM e�ect in the full CCRM data, including the CCRM_F distractor, found

a marginally significant Distractor x Age interaction (‰2 = 7.836, Df = 3, p = 0.05).

Table 4.14: ST: Derived measures (DC): LMEM model examining the e�ect of Distractor
(AMSSN, MDR_F, and ENG_F), Material (ASL/CCRM) and Age as fixed factors and
random intercepts for subjects (reference levels: Distractor = AMSSN; Material = ASL).
Note: only TD data following outliers trimming was included.

DC ~ Distractor + Material + Age + Distractor:Age + (1 | Subjects)
E�ects Df ‰

2
p

Material 1 4.371 0.037
Distractor:Age 2 7.347 0.025
significant p-values (p < 0.05) are shown in bold.

4.3.3.4.2 Age-independent z-scores

As before, descriptive statistics for the listeners’ z-scores for the derived scores are

given in Table 4.15 and plotted in Figure 4.15. Overall, di�erences between the

groups were larger for IM than for the switching cost. Furthermore, the percentage

of abnormal scores is generally low in both test materials (range: 0% - 25%), with

a noticeably larger proportion in the CCRM material. Only one APD child (5%)

obtained an abnormal score for the ASL material, when presented with the ENG_F

distractor. None of the TD children exhibited abnormal scores for IM conditions.

Surprisingly however, three TD children (~13%) were significantly hampered when

switching was introduced. As for the CCRM material, the proportion of abnormal

score of the TD group ranged between 0% to circa 9% (2/23).
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Table 4.15: ST: Descriptives for the derived measures standardised residuals (z-scores)
calculated seperately for data measured with the ASL and CCRM speech material.

APD TD
Derived measure n median sd min max abnormal n median sd min max abnormal
ASL

Switching 20 -0.07 0.80 -1.05 1.67 0.00% 23 -0.11 1.19 -1.28 2.51 13.04%
AMSSN 20 0.43 1.02 -1.75 1.88 0.00% 23 -0.22 0.99 -1.79 1.65 0.00%
MDR_F 20 0.55 0.74 -0.66 2.21 5.00% 23 -0.22 1.07 -2.37 1.80 0.00%
ENG_F 20 0.60 0.67 -1.15 1.50 0.00% 23 -0.01 1.13 -2.93 1.91 0.00%

CCRM
Switching 20 0.39 1.06 -2.14 2.05 10.00% 23 -0.15 1.66 -5.09 3.95 4.35%
AMSSN 20 0.13 1.18 -0.94 2.48 20.00% 23 -0.02 1.08 -2.42 1.68 0.00%
MDR_F 20 0.52 0.94 -1.17 2.15 5.00% 23 -0.06 1.15 -2.02 2.57 8.70%
ENG_F 20 0.41 1.27 -2.32 3.58 10.00% 23 0.00 1.62 -3.51 4.25 4.35%
CCRM_F 20 0.61 1.20 -1.97 2.55 25.00% 23 0.01 1.01 -1.85 1.64 0.00%

abnormal: defined as the percentage of abnormal z-score > 1.96.
Switching = Quiet-Alt - Quiet-NoAlt; AMSSN = AMSSN - Quiet-Alt
MDR_F = MDR_F - Quiet-Alt; ENG_F = ENG_F - Quiet-Alt; CCRM_F = CCRM_F - Quiet-Alt
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Figure 4.15: ST: Boxplots of the listeners age-independent standardised residuals for
the derived score (in DC) calculated from data measured with the ASL (A) and the
CCRM speech material (B). Residuals were calculated separately for each condition and
are based on a model prediction for the TD group only.
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Group di�erences were examined using two separate LMEM models for switching

and IM e�ects, excluding data measured with the CCRM_F distractor. Parametric

methods assumptions were met for IM data, whereas the assumption of normal

distribution for the switching data was rejected. Nevertheless, since nonparametric

methods gave similar results, it was decided to report here only the outcomes

of the parametric method. The switching e�ect was examined using an LMEM

model with Material and Group (APD/TD) as fixed factors and random intercepts

for subjects (reference levels: Material = ASL; Group = APD). The final model

which gave the best fit did not include Material x Group interaction. There was

no significant main e�ect of either Material (‰2 = 0.00016, Df = 1, p = 0.990)

or Group (‰2 = 0.380, Df = 1, p = 0.538), thus indicating that the switching

cost was the same in both groups. Similarly, group di�erences across the three

distractors were tested using an LMEM model with Distractor, Material and Group

as fixed factors and random intercepts for subjects. The final model and main

e�ects are given in Table 4.16. There was a significant main e�ect of Group

(p < 0.05), whereas there was no significant main e�ect for Distractor or Material

(p > 0.05). A separate LMEM model for the full CCRM data, including the

CCRM_F distractor, gave similar results, with a significant main e�ect of Group

(‰2 = 5.089, Df = 1, p = 0.024), whereas there as no significant main e�ect of

Distractor (‰2 = 0.990, Df = 3, p = 0.804).

Table 4.16: ST: Derived measures (z-score) LMEM model with Distractor (AMSSN,
MDR_F, and ENG_F), Material (ASL/CCRM) and Group (APD/TD) as fixed factors
and random intercepts for subjects. Reference levels: Distractor = AMSSN, Material =
ASL, Group = APD.

z ~ Distractor + Material + Group + (1 | Subjects)
Main e�ects Df ‰

2
p

Distractor 2 0.702 0.704

Material 1 0.000 0.984

Group 1 5.089 0.024
significant p-values (p < 0.05) are shown in bold.
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4.3.4 LiSNS-UK & SSN

4.3.4.1 SRTs by age

The SSN and LiSNS-UK task assesses di�erent aspects of speech perception that

are thought to originate at di�erent physiological levels (peripheral vs. central,

respectively). Nevertheless, since they use the same speech corpus, the same

adaptive procedure, and have the same outcome measure (SRT), it was decided

to present their results together throughout the chapter. Listener SRTs and their

corresponding regression lines split by group are shown in Figure 4.16 A for the

spatially- collocated (S0N0) and separated condition (S0N90), as well as for the

non-spatialised condition where the ASL sentences were presented with a speech-

spectrum-noise (SSN). The listeners’ SRM, calculated as the di�erence between

the collocated and separated spatial conditions (SRM = S0N0 ≠ S0N90) is shown

in Figure 4.16 B. As in the switching task, the age e�ect was tested in the TD

group only, where the regression lines for the TD group were estimated based on a

model comparison and outlier trimming procedure to improve the model fits (model

coe�cients and statistic are given at the bottom of the figures).

slope = −0.52, intcpt = −0.35
R^2 = 0.34, p = 0.004

slope = −0.69, intcpt = 4.43
R^2 = 0.406, p = 0.002

slope = −0.82, intcpt = −1.27
R^2 = 0.261, p = 0.013
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Figure 4.16: LiSNS-UK: Age-e�ect: scatterplot and linear regression lines for SRTs
obtained for SSN and the spatialised conditions S0N0 (collocated) and S0N90 (separated)
(A) and the derived measure SRM (B) as a function of the listeners age. Corresponding
regression coe�cients and statistics are provided for TD group only. Red indicates data
from the APD group and blue indicates data from the TD control group (square shapes:
TD children with an APD sibling; triangle shapes: the remaining TD children).

161



4.3. Results

As previously reported by other researchers that used a similar test paradigm

in children from a similar age group (e.g., Cameron & Dillon, 2007a; Murphy

et al., 2019), the scatterplots show a clear developmental trend, with an overall

improvement in performance with an increase in age. The test conditions S0N90 and

S0N0 showed the largest age e�ect, with near to 1 dB improvement in performance

per 1 year increase in age (TD slope: -0.82 & -0.69, respectively). The slope for

SSN was shallower, with roughly half a dB improvement in performance per 1 year

increase, with a TD slope of -0.52. Di�erences in performance with age for the SRM

were negligible, with a predicted improvement of circa 1 dB between the age of 7 to

13 years. There was a significant e�ect of age in all three test conditions (‘moderate’

e�ect size), with the largest e�ect for S0N0, accounting for circa 40% of variability

in performance, followed by SSN with 34% and about 26% for S0N90. The linear

regression for SRM showed no significant age e�ect (R2 = 0.075, p = 0.219).

A factorial design model with repeated measures was used to test the main e�ects

for Condition (SSN, SON0, & S0N90), Age, and Sibling (TD children with/without

an APD sibling, TD/TDAP Dsib) with SRTs as a dependent variable and random

intercepts for subjects. Note that also here the model included only data for the

control group. Assumptions of normal distribution and homogeneity were met, and

thus a parametric approach was applied using LMEM (reference levels: Condition

= SSN, Sibling = TD). The model with the best fit and main e�ects are given in

Table 4.17. The final model did not include the fixed factor Sibling or interaction

terms, thus, suggesting that performance of the TD children with and without an

APD sibling was the same. Since the e�ect of sibling was not significant, it was

not further examined in this section. There was however a highly significant main

e�ect of both Condition and Age (p < 0.001), hence indicating that age a�ected

performance similarly across the three test conditions. A separate two-way ANOVA

using the anova() function was performed to examine the e�ect of Age and Sibling

on SRTs for the SRM data. There was no significant e�ect of Age [F (1, 18) = 1.48,
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p = 0.239] or Sibling [F (1, 18) = 0.25, p = 0.648], nor a significant interaction

between the two terms [F (1, 18) = 0.20, p = 0.658].

Table 4.17: LiSNS-UK: Age e�ect: LMEM model for SRT with Condition (SSN, S0N0,
& S0N90) and Age as fixed factors and random intercepts for subjects (reference level:
SSN). Note: only data measured with the control group (TD) following outliers trimming
was included.

SRT ~ Condition + Age + (1 | Subjects)
Main e�ects Df ‰

2
p

Condition 2 100.356 < 0.001
Age 1 13.364 < 0.001
significant p-values (p < 0.05) are shown in bold.

Given the insignificant age e�ect for the SRM data and the non-significant

Group x Age interaction for the remaining conditions, the normative scores (in

dB) obtained for the typically developing control children and the APD group data

are given in Table 4.18. Overall, the groups means were very similar across the

di�erent conditions, with less than 1 dB improvement in performance for the TD

group. As expected, the test condition which hindered intelligibility the most was

the collocated condition (S0N0), with an average score of ≠2.11 dB for the TD

group and ≠1.81 dB for the APD group. On the other hand, the test condition

that yielded the highest intelligibility was the separated condition (S0N90) with

a mean score of ≠9.07 dB and ≠9.02 dB, respectively. The average SRM in both

groups was very similar with 7.42 dB and 7.22 dB, respectively.

Table 4.18: LiSNS-UK: Descriptives for normative data (in dB) obtained for the TD
group (identified outliers were trimmed) and data obtained for the APD group.

APD TD
n mean sd min max n mean sd min max

SSN 19 -4.82 1.36 -7.4 -2.30 23 -5.31 1.42 -8.05 -2.00
S0N0 19 -1.81 1.74 -4.7 2.37 21 -2.11 1.60 -5.55 0.70
S0N90 19 -9.02 2.70 -13.8 -1.70 23 -9.07 2.55 -13.50 -3.42
SRM 19 7.22 2.46 1.0 11.40 22 7.42 1.03 5.77 9.17
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4.3.4.2 Age-independent z-scores

Boxplots of the listeners’ age-independent standardised residual z-scores (black

circles) collapsed across the di�erent test conditions are shown in Figure 4.17,

separately for the APD group (red) and the two TD groups (shades of blue). The

z-scores were calculated in the same way as for ST. Again, the dashed line indicates

the theoretical TD group mean of zero, and the grey area indicates the lower and

upper limit of the normal population (TD mean ± 1.96). Descriptive statistics

collapsed by group and test conditions are given in Table 4.19. Overall, when

compared with the control group, the APD children exhibited poorer performance

across all three test conditions (i.e., higher z-scores) as well as for the derived SRM

measure (i.e., lower z-scores).
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Figure 4.17: LiSNS-UK: Boxplots of the listeners age-independent standardised residuals
(open circles) for data measured with LiSNS-UK task (A) and the derived measure SRM
(B). Residuals were calculated separately for each condition and are based on a model
prediction for the TD group only as plotted for the ST data.

S0N0 and SRM yielded the largest separation between the groups. However the

spread in scores was relatively large and the percentage of abnormal performances

in the APD group was rather small, with only circa 26% (5/19) in each condition.

Only about 16% (3/19) and 11% (2/19) of the APD children had abnormal scores

for SSN and S0N90, respectively. No abnormal performance was obtained in the
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Table 4.19: LiSNS-UK standard residuals (z-scores) descriptives by group. Abnormal:
defined as the percentage of z-scores > 1.96 (SSN, S0N0, & S0N90) and z-scores < 1.96
(SRM).

APD TD
n median sd min max abnormal n median sd min max abnormal

SSN 19 0.94 1.14 -1.48 3.07 15.79% 23 0.16 0.98 -1.68 1.84 0.00%
S0N0 19 1.22 1.31 -1.18 3.52 26.32% 23 0.06 1.28 -1.81 3.28 8.70%
S0N90 19 0.44 1.11 -1.17 3.26 10.53% 23 -0.18 0.98 -1.55 1.85 0.00%
SRM 19 -0.44 2.39 -6.77 3.45 26.32% 23 -0.18 1.15 -3.12 1.98 4.35%

TD group for SSN and S0N90, while two TD children (~9%) had abnormal scores

for S0N0 and one child for SRM. Nonetheless, when excluding the TD outliers that

were trimmed during the z-score calculation procedure, all the TD observations

were within the norms.

Group di�erences between the APD and the TD group for the test conditions

SSN, the spatialised conditions S0N0 and S0N90 were tested with an LMEM model

with z-scores as a dependent variable and random intercepts for subjects (reference

levels: Condition = SSN; Group = APD). Parametric methods assumptions of

normal distribution and homogeneity of variance were met. The model which gave

the best fit and main e�ects are given in Table 4.20. The final model did not include

Condition x Group interaction, thus suggesting that the two groups behaved in a

similar way in the three test conditions. There was a significant main e�ect of Group

(p = 0.003), whereas there was no significant main e�ect of Condition (p > 0.05).

Di�erences in z-scores between the two groups for the SRM data were examined with

a one-way ANOVA. The parametric assumption of homoscedasticity was violated

(Levene’s test; p = 0.013), while the assumption of a normal distribution was met.

Nevertheless, since nonparametric methods gave similar results, for simplicity, it was

decided to report here only the outcomes of the parametric method. The test found

no significant di�erence in z-scores between the groups [F (1, 40) = 0.334, p = 0.566].
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Table 4.20: LiSNS-UK: Group di�erences: LMEM model for the age-independent z-
scores with Condition and Group as fixed factors (reference levels: Condition = SSN;
Group = APD) and random intercepts for subjects.

z ~ Condition + Group + (1 | Subjects)
Main e�ects Df ‰

2
p

Condition 2 3.809 0.149

Group 1 8.673 0.003
significant p-values (p < 0.05) are shown in bold.

4.3.5 ENVASA

Due to technical problems, observations for six listeners are missing (x2 TD; x4

APD), resulting in a total sample-size of 21 and 17 for the TD and the APD

group, respectively. Initial inspection was performed to ensure that the task

instructions were followed and well understood. Performance for the reference

condition (single incongruent background at a high SNR), which is expected to

least impact performance, was compared with a cut-o� criterion of 56%, calculated

as 2 SD from the TD group mean (84% ± 14%). Individuals with performance

below the cut-o� criterion were excluded from the analysis. One TD listener

aged 7 years old scored 45% and was thus excluded, resulting in a total of 20

listeners in the TD group.

4.3.5.1 %-correct by age

The ENVASA measurements followed the same factorial design as used by Leech

et al. (2009), with 2 background types (single/dual) x 4 SNRs (low: ≠6, ≠3 dB;

high: 0, +3 dB), resulting in a total of 92 responses (%-correct, PC) per listener or

between 10 to 11 test items per background-SNR combination. Because of the small

number of test items per condition, responses were averaged into three measures:

1. single background, 2. dual backgrounds, and 3. combined background which reflects

the overall performance across the two background types.
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The relationship between performance and age was inspected in the same way

as carried out for the other auditory tasks, with the listeners average performance

plotted as a function of age, with linear regression lines and model coe�cients

for the trimmed TD group (see Figure 4.18). The regression lines revealed a

noticeable developmental trend in all three measures, where performance improved

with increasing age. A single linear regression line with a monotonic increase in

performance by age was found to best fit performance for a single background, with

an increase of circa 3.5% in PC per year. Performance for dual backgrounds and

the combined score on the other hand were best described using segmented linear

regression models, with an increase of PC by circa 12% per year until the age of 9

years, where PC plateaued thereafter.

slope = 3.48, intcpt = 48.43
R^2 = 0.491, p = 0.001

slope = 12.1, intcpt = −29.23, brk = 9.08
R^2 = 0.585, p = 0

slope = 11.59, intcpt = −20.39, brk = 8.88
R^2 = 0.579, p = 0
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Figure 4.18: ENVASA: Scatterplot and linear regression lines for the listeners’ PC
(%-correct) as a function of age for single background, dual backgrounds and the combined
measure. Red indicates data from the APD group and blue indicates data from the TD
control group (square shapes: TD children with an APD sibling; triangle shapes: the
remaining TD children).

The e�ect of age was statistically tested using an LMEM model with PC as

a dependent variable, and with background type (single/dual), the listeners’ age,

and Sibling (TD children with/without an APD sibling, TD/TDAP Dsib) as fixed

factors as well as random intercepts for subjects (reference levels: Background =
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single-background; Sibling = TD). Parametric assumptions of normal distribution

and homogeneity were met. As before, the analysis included only data for the

control group following outlier trimming procedure. A model without an interaction

term was found to give the best fit (see Table 4.21). Model comparison revealed

a highly significant main e�ect of Age and Background (p < 0.001). This is in

agreement with Krishnan et al. (2013) where they found a strong developmental

e�ect across normal-hearing typically-developing children in a similar age range

to those measured in the present study. The listeners’ PC score was significantly

poorer for the dual-backgrounds than for the single-background condition with an

estimated mean di�erence of 6.93 (SE = 1.83, 95% ≠ CI = 3.12 ≠ 10.73, Cohen’s

d = 0.72, ‘medium’ e�ect-size). In addition, the main e�ect of Sibling was found

significant (p < 0.05), where the overall performance in the TDAP Dsib was poorer

than in the TD group with an estimated mean di�erence of 5.47 (SE = 2.73,

95% ≠ CI = ≠0.18 ≠ 11.13) and a ‘small’ e�ect-size (Cohen’s d = 0.21). A separate

two-way ANOVA was performed to examine the e�ect of Age and Sibling on PC

for the combined score across the two background types. There was a highly

significant e�ect of Age [F (1, 16) = 19.759, p < 0.001], whereas there was no

significant e�ect of Sibling [F (1, 16) = 2.953, p = 0.105], nor an Age x Sibling

interaction [F (1, 16) = 1.748, p = 0.205].

Table 4.21: ENVASA: Age e�ect: LMEM model for PC (%-correct) with Background
(single/dual), Age, and Group (TD children with/without an APD sibling, TD/TDAP Dsib),
as fixed factors and random intercepts for subjects (reference levels: Background = single-
background, Sibling = TD). Note: only data measured with the control group following
outlier trimming was included.

PC ~ Background + Age + Sibling + (1 | Subjects)
Main e�ects Df ‰

2
p

Background 1 11.285 < 0.001
Age 1 17.802 < 0.001
Sibling 1 4.251 0.04
significant p-values (p < 0.05) are shown in bold.

168



4. Association between specific higher-level cognitive and auditory processing aspects

with APD in children

4.3.5.2 Age-independent z-scores

For further analysis, age was controlled for using the same multiple-case approach

method described in Section 4.2.4.1. Descriptives of the listeners’ z-scores collapsed

by the three test conditions and groups are given in Table 4.22. Boxplots of the

age-independent z-scores for the three ENVASA measures are shown in Figure 4.19,

with larger z-score indicating better performance. Surprisingly, the less demanding

condition with the single competing background yielded the largest separation

between the APD and the TD group with a median z-score of roughly -1, while the

median performance for dual backgrounds and the combined score was relatively

similar to those in the control group (TD), albeit with larger spread. Interestingly,

the median score of the APD group was higher (i.e., better) than of the TDAP Dsib

group for the dual backgrounds and consequently for the combined measure.

However, looking at the figure, it is noticeable that not all the APD children

performed above the TDAP Dsib group, wherein the poorest (i.e., lowest) z-scores

were obtained by about four APD children. The percentage of abnormal APD

scores was relatively low, with circa 29% (5/17) for the combined score, 24% (4/17)

for single background and 18% (3/17) for dual backgrounds condition. There was

only one case of an abnormal score in the TD group for a single background (5%,

1/20) when trimmed TD outliers were included.

Table 4.22: ENVASA: Descriptive and statistics of the listeners age-independent standard
residuals (z-scores) split by groups and test measures.

APD TD
background n median sd min max abnormal n median sd min max abnormal
Single 17 -0.97 2.11 -5.56 1.93 23.53% 20 0.03 1.08 -2.37 1.52 5.00%
Dual 17 0.29 2.07 -5.34 1.54 17.65% 20 0.22 0.95 -1.90 1.22 0.00%
Combined 17 0.02 2.39 -6.42 1.42 29.41% 20 0.22 0.95 -1.59 1.83 0.00%
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Figure 4.19: ENVASA: Listeners’ age-independent standardised residuals for single
background, dual backgrounds & the combined measure. Residuals were calculated
separately for each condition and are based on a model prediction for the TD group only
as plotted for the ST data.

Group di�erences for z-scores measured with the two background conditions

(single/dual) were examined with a 3 x 2 factorial design model with repeated

measures. Since the previous model with PC as a dependent variable revealed a

significant di�erence in performance between the TD children with and without an

APD sibling, this was further investigated here with the predictor Group which

comprised of three levels: APD, TD, & TDAP Dsib. Parametric model assumption

of normal distribution was rejected (Shapiro-Wilk test; p = 0.001), while the

assumption of homoscedasticity of variance was met. Thus, a robust nonparametric

rank-based ANOVA-type ATS test was computed using the nparLD() function with

a f1-ld-f1 experimental design with Background as a within- and Group as a between-

subjects factors. There was a significant main e�ect of Group (Statistic = 3.280,

Df = 1.950, p = 0.039), whereas there was no significant e�ect of Background

(Statistic = 1.047, Df = 1.000, p = 0.306) or Group x Background interaction

(Statistic = 1.859, Df = 1.589, p = 0.164). Di�erences between the three groups
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were examined with nonparametric post-hoc pairwise-comparison using Wilcoxon

rank-sum test (wilcox_e�size() function, rstatix package). The test revealed a

significant di�erence between the APD and the TD group (p < 0.05, ‘large’ e�ect-

size), whereas there was no significant di�erence between the APD or the TD group

and the TDAP Dsib group (all p
Õ
s > 0.05; see Table 4.23).

Table 4.23: ENVASA: Post-hoc paired comparison tests with Bonferroni correction
(Wilcoxon rank-sum test) for Group di�erences in z-scores.

contrast n1 n2 estimate 95% ≠ CI p d magnitude

APD - TD 34 26 -1.07 -1.87 - -0.31 0.02 -0.83 large
APD - TDAP Dsib 34 14 -0.21 -1.34 - 0.63 0.62 -0.38 small
TD - TDAP Dsib 26 14 1.04 0.07 - 1.57 0.08 0.73 moderate
d: Cohen’s d.

4.3.6 CELF-RS

The children’s raw scores were converted into age-corrected scaled scores using the

CELF-5 UK Recalling Sentences subtest standardised norms (M = 10, SD = 3).

Boxplots of the children’s scaled scores split by groups are given in Figure 4.20.

The white area indicates the upper and lower limit among the normal population

(± 1 SD). On average, performance was within the normal range in both the APD

group (Mdn = 9) and the TD group, albeit laying within the upper limit for the

TD group (Mdn = 13). Thus, although the majority of the APD children had

expressive language skills that were within the norms, the figure shows a clear

di�erence in performance between the group, with the TD children performing

noticeably better. Almost half of the TD children obtained a scaled score above the

average (i.e., scaled score > 13) and none exhibited abnormal scores. Unexpectedly,

three APD children had exceptional expressive language skills, with performance

above the normal range. On the other hand, only two APD children obtained a

scaled score that is considered abnormal (< 7).
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Figure 4.20: CELF-RS: Boxplots for CELF-5 UK Recall Sentences subtest scaled scores
by groups. The grey area represents scores in the ’normal’ region (± 1 SD) and the
dashed line represents the average score within the normal population.

From the boxplots, it is apparent that children in the TDAP Dsib group had poorer

expressive language skills than their TD peers. While circa 67% (10/15) of the

children’s scaled score in the TD group was more than +1 SD above the norm mean,

this was the case only in one child out of eight in the TDAP Dsib group. A one-way

ANOVA was computed to compare the listeners scaled scores in the three groups

(APD, TD, & TDAP Dsib). The parametric assumption of homoscedasticity was met

while the assumption of a normal distribution was marginally significant (Shapiro-

Wilk test; p = 0.041). However, since nonparametric methods gave similar results, it

was decided to report here only the outcomes of the parametric method. There was

a highly significant di�erence in scaled scores between the groups [F (2, 40) = 14.476,

p < 0.001]. A post-hoc pairwise comparison t-tests with Bonferroni correction using

the pairwise_t_test() function (rstatix package, Kassambara, 2021) found a highly

significant di�erence between the APD group (Mdn = 9.0, SD = 2.7) and the TD

group without an APD sibling [Mdn = 15, SD = 2.4, t(31.9) = ≠5.84, p < 0.001],

whereas there was no significant di�erence between APD and TD children with

an APD sibling [Mdn = 11, SD = 3.5, t(10.6) = ≠1.50, p = 0.486] or between

the two TD groups [t(10.7) = 2.19, p = 0.155].
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4.3.7 Questionnaires

4.3.7.1 CCC-2

Data for one TD listener was flagged as inconsistent using the test scorer and was

thus removed from the analysis. The group descriptives for the parental reports

in the di�erent sub-scales as well as the GCC and SIDC composites are given

in Table 4.24. GCC stands for general communication composite, calculated by

taking the sum for scaled scores A to H. It is used to clinically identify abnormal

communication skills, defined by a GCC < 55 (10th percentile). The SIDC stands for

social-interaction deviance composite [sum(E + H + I + J) ≠ sum(A + B + C + D)],

where in combination with abnormal GCC score, the SIDC can be used to identify the

child’s primary di�culty, whereby, a positive SIDC is indicative of a predominantly

structural language deficit (referred to here as DLD), and a negative SIDC reflects

social communication problems and is indicative of autistic spectrum disorder (ASD)

traits (Bishop, 2003; Norbury, 2014).

Table 4.24: CCC-2 subscales descriptives split by groups.

APD TD
Measure n median sd min max n median sd min max
A speech 20 4.5 3.96 0 12 22 12.0 1.72 7 13
B syntax 20 5.5 3.61 0 12 22 12.0 2.49 2 12
C semantic 20 4.0 2.78 0 10 22 11.0 3.23 0 15
D coherence 20 5.0 2.68 0 10 22 12.5 2.87 2 14
E inappropriate initiation 20 5.0 2.61 1 11 22 10.5 3.17 5 16
F stereotyped 20 5.5 2.82 1 13 22 13.0 2.52 6 14
G use of context 20 2.5 2.28 0 8 22 10.5 2.97 2 14
H nonverbal 20 4.5 3.31 0 13 22 10.0 2.75 3 13
I social 20 4.0 2.68 0 9 22 12.0 2.41 5 13
J interests 20 5.0 2.84 2 15 22 9.0 2.63 4 15
GCC 20 42.0 16.38 7 74 22 88.5 17.38 29 109
SIDC 20 1.5 10.70 -18 17 22 -3.0 6.14 -17 6
GCC, General Communication Composite sum(A+B+C+D+E+F+G+H);
SIDC, Social Interaction Deviance Composite sum(E+H+I+J) - sum(A+B+C+D)

Boxplots of the groups scaled scores in the ten sub-scales and a scatterplot

depicting the relationship between GCC and SIDC are shown in Figure 4.21 A-B,

respectively. A striking 90% of the APD children (18/20) obtained a scaled score
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below the 5th percentile two or more times, which has been found to indicate

clinically significant communication problems (Bishop, 2003), whereas, only one

such case (out of 22) was found in the TD group. The single-value GCC composite

showed the exact same proportion of abnormal scores in both groups when a cut-o�

value of 55 was used, where only one TD child had abnormal communication skills

(see Figure 4.21 B). Half of the APD children with an abnormal GCC score (45%,

9/20) exhibited a score pattern that is indicative of DLD, whereas the other half

exhibited a negative SIDC, indicating social communication deficits as the primary

di�culty. Interestingly, out of the nine APD children who fell within the latter

category, three were reported by their parents to have HF-ASD diagnosis, and an

additional two children were undergoing an ASD assessment at the time of testing

(see scores marked with open circles and squares in Figure 4.21 B).
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Figure 4.21: CCC-2 parental reports for the APD (red) and the TD groups (blue shades)
Figure A: Boxplots for scaled scores in the ten sub-scales. The grey area represents scores
in the ’normal’ region (± 1 SD) and the dashed line represents the average score within
the normal population. Figure B: Scatterplot for General Communication Composite
(GCC) as a function of Social-Interaction Deviance Composite, (SIDC). Red indicates
data from the APD group and blue indicates data from the TD control group (light blue:
TD children with an APD sibling; blue: the remaining TD children). APD children
with diagnosed high-functioning Autism (HF-ASD) are denoted with open circles. APD
children with undergoing ASD assessment on the day of testing are marked with open
squares. The lines indicates the GCC cut-o� criteria for typically developing children.
SIDC scores are indicative of predominantly structural developmental language disorder
(DLD) and more social communication deficits (cf. Norbury, 2013).
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Di�erences in GCC between the three groups (APD, and TD with/without an

APD sibling) were tested using a one-way ANOVA test. The parametric assumption

of a normal distribution and homoscedasticity were met. There was a highly

significant di�erence between the groups [F (2, 39) = 43.712, p < 0.001]. Post-hoc

pairwise comparison t-tests with Bonferroni correction (pairwise_t_test(), rstatix

package) revealed that performance of the APD group (Mdn = 42.0, SD = 16.4)

was significantly poorer than of the TD group with [Mdn = 90.5, SD = 25.5,

t(9.4) = ≠4.7, p < 0.01] or without an APD sibling [Mdn = 88.5, SD = 11.3,

t(32.0) = ≠10.7, p < 0.001]. Furthermore, there was no significant di�erence found

between the two control groups [t(8.61) = 0.53, p = 1.00].

4.3.7.2 ECLIPS

Descriptives of the ECLiPS parental report scaled scores for the di�erent subscales

and composite measures split by groups are given in Table 4.25 and depicted in

Figure 4.22. A score below the 10th percentile (corresponding to a scale score

of circa 6) is generally considered to indicate clinically significant listening and

processing di�culties (Barry & Moore, 2014). Overall, the ECLiPS was able to

well separate between the two groups across all the di�erent sub-scales. All APD

children exhibited an abnormal Total score, whereas only two TD children (out of

23) did.

A closer look at the boxplots in Figure 4.22 reveals a clear di�erence in the

distribution of the scaled scores across the two groups, with relatively larger spread

for the TD group. Another interesting trend was that the parental reports for

the TDAP Dsib group was on average better (i.e., higher) than for the TD group.

Inspection of the Total score by groups revealed that the APD group did not follow

a normal distribution and that the assumption of homoscedasticity was violated

(p < 0.05). Thus group di�erences for the listeners’ Total score was examined using
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Table 4.25: ECLiPS descriptives split by groups and sub-scales.

APD TD

Measure n median sd min max n median sd min max

SAP 20 1 0.93 0 3 23 10 2.77 4 14

L/L/L 20 2 1.55 0 5 23 10 2.78 3 15

M&A 20 3 1.10 2 6 23 11 2.69 7 16

PSS 20 4 1.53 2 8 23 10 3.37 3 15

EAS 20 3 1.64 1 8 23 9 3.52 4 14

Listening 20 2 0.93 1 4 23 11 2.69 5 15

Language 20 2 1.28 0 4 23 11 2.48 5 15

Social 20 3 1.52 1 7 23 10 3.15 5 15

Total 20 1 0.91 0 3 23 10 2.92 4 15

SAP = Speech & Auditory Processing; L/L/L = Language, Literacy & Laterality;

M&A = Memory & Attention; PSS = Pragmatic & Social skills; EAS = Environmental

& Auditory sensitivity; Listening = (SAP + PSS) / 2; Language = (L/L/L + M&A) / 2;

Social = (PSS + EAS) / 2; Total = mean of all sub-scales
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Figure 4.22: ECLiPS parental report scaled scores split by groups and sub-scales. The
grey area represents scores in the ’normal’ region (± 1 SD) and the dashed line represents
the average score within the normal population.

a robust one-way ANOVA with trimmed means (20%) and bootstrapping (n = 2000)

using the t1waybt() function (WRS2 package, Mair & Wilcox, 2020). The test found

a highly significant di�erence between the groups (F = 99.35, p < 0.001). A post-hoc

pairwise comparison of groups with bootstrapping (n = 2000) was computed using

the mcppb20() function from the same package, whereby Â̂ denotes the pairwise

trimmed di�erence (Mair & Wilcox, 2020). There was a highly significant di�erence
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(p < 0.001) between the APD group (Mdn = 1.0, SD = 0.91) and both TD groups

with (Mdn = 12.0, SD = 3.45, Â̂ = ≠11.08, 95%≠CI = ≠13.08≠≠7.42) or without

an APD sibling (Mdn = 9.0, SD = 2.47, Â̂ = ≠8.47, 95% ≠ CI = ≠10.03 ≠ ≠6.86),

whereas no significant di�erence was found between the TD groups (Â̂ = ≠2.61,

95% ≠ CI = ≠5.05 ≠ 1.28, p = 0.106).

4.4 Discussion

4.4.1 Overall performance

An overview of the childrens’ performance split by group is given in Figure 4.23,

which provides a simple graphical display indicating pass (empty cell) and fail (black

filled cell) test scores separately for each participant. Failed cases were defined by

abnormally poor performance using standardised norms for the CELF-RS, ECLiPS,

and the CCC-2 or was defined as a one-tailed cut-o� of the worst 2.5% across

the normal population for the rest of the tasks. Note that DLD and PLI were

composed as a way to discriminate children with more structural versus pragmatic

language deficits and were based on the CCC-2 data as a combination of abnormal

GCC score (< 55) and the SIDC score. The DLD score (developmental language

disorder) denotes a combination of abnormal GCC and a positive SIDC (Ø 0) which

is expected to capture severe deficits in structural language in conjunction with

only mild pragmatic di�culties. The PLI score (pragmatic language impairment),

on the other hand, denotes a combination of abnormal GCC and a negative SIDC

(Æ 0) which is expected to be a strong indicator for social communication problems

with only mild structural language di�culties.
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Figure 4.23: Overall performance: Abnormal (black cells) and normal (empty cells)
performance in the test battery of individuals from the APD group (n=20) and the TD
group (n=23). Missing data is marked by the grey cells. The vertical lines separates
between APD children diagnosed or suspected of ASD (APDASD/susASD) from the
remaining APD children, and from TD children with an APD sibling (TDAP Dsib) from
the remaining TD children.

As seen in the chequerboard, the proportion of abnormal scores across the APD

group is substantially higher than in the TD group. This is further illustrated

in Figure 4.24, showing the individuals number of failed performance for the ST

(from Quiet-ASL-NoAlt to CCRM_F-Alt-CCRM) and LiSNS-UK (from S0N0 to

SRM) test conditions (14 in total). The majority of the APD children (80%, 16/20)

performed abnormally in at least two test conditions either in the ST or LiSNS-

UK task, whereas there were only three cases (13%, 3/23) in the TD children.

Another interesting observation is that apart from one TD child, who experienced

di�culties in an array of measures including the CCC-2, none of the other TD

children experienced language di�culties. This is in contrast to the APD group

where 90% (18/20) of the children experienced some kind of language deficit. Nearly

half of the APD children (45%, 9/20) exhibited a CCC-2 score indicative of DLD,
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and about the remaining half (40% 8/20) obtained a CCC-2 score indicative of

pragmatic language and social communication deficit (PLI).
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Figure 4.24: Overall performance: Frequency of failed scores for ST and LiSNS-UK test
conditions split by listeners. Failed scores for the ST task includes 11 test conditions from
’Quiet-ASL-NoAlt’ to ’CCRM_F-Alt-CCRM’, whereas failed scores for the LiSNS-UK
task comprised 3 test conditions S0N0, S0N90 and SRM.

Overall, the average CELF-RS performance of children in both the TD and

APD group was within the ± SD norms range (TD: Mdn = 13.0, SD = 2.1; APD:

Mdn = 9.0, SD = 2.7), indicating that their expressive language skills were as

expected across the normal population. Nevertheless, the performance of the APD

children was significantly poorer than their TD peers. This is no surprise as APD

children often display lower academic skills and there are many studies showing

that APD children share many behavioural characteristics with other developmental

disorders involving attention, working memory and language (BSA, 2018; de Wit

et al., 2018; Moore et al., 2013). Specifically, APD has been shown to have a

high comorbidity rate with language and reading deficits (Chermak & Musiek,

1997; Dawes & Bishop, 2009; Ferguson et al., 2011). Likewise, children diagnosed

with SLI/DLD or Dyslexia may display auditory processing di�culties (Halliday
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et al., 2017). Interestingly, the overall group means in the present study were

very similar to the results reported by Halliday et al. (2017) across TD children

(M = 12.48, SD = 2.56; n = 44) and children with mild-to-moderate sensorineural

hearing loss (M = 9.76, SD = 3.14; n = 46).

The performance of the APD group in the present study varied greatly, with

most of the children obtaining a below-average scaled score, while only two had

abnormally poor scores. Unexpectedly however, three children performed well above

the norm, displaying very high expressive language skills. Moreover, nearly half the

TD children (48%, 11/23) had a scaled score above the population norms (> +1SD),

thus, displaying exceedingly high expressive language skills. This indicates that

to some degree we were not fully successful in recruiting a representative group of

typically developing children with average performance. This was likely because of

the recruitment procedure and the small sample size. Recruiting TD children was

initially planned to be carried out at schools where we planned to run the testing as

well. However, since the EHF audiometry equipment was not easily transportable,

this was not possible and children were mostly recruited via social media, the UCL

sta� newsletter, local information boards or via the APD Facebook support group.

Recruiting control children outside schools was challenging, possibly due to lack of

motivation and the need to come to the laboratory with a parent.

The CELF-RS has been reported to be a good marker for children with DLD.

However, the pass/fail rates suggested that the CELF-RS is not very sensitive in

capturing the APD children’s language di�culties; as, nearly half the APD children

displayed a CCC-2 pattern that is indicative of DLD. Despite a large di�erence in the

number of identified cases, the CELF-RS scaled score and the DLD pass/fail scores

were found to highly correlate (fl = 0.40, p < 0.001), thus suggesting both tests tap

into similar skills. This was further rea�rmed by the non-significant correlation

found between the CELF-RS and PLI score (fl = ≠0.11, p = 0.494). There are

several underlying factors that may caused this di�erence in sensitivity between the
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CELF-RS and the CCC-2. Firstly, they greatly di�er in the type of measure they

use. The CELF-RS is a direct measure that reflects the child’s language skills in

ideal conditions without the influence of a parent/teacher or the child him/herself;

whereas the CCC-2 is an indirect measure where a respondent (in the present study,

the child’s parent) is asked to rate the child for di�erent checklist items describing

a behaviour. The strong deficit in performance across the CCC-2 subscales may

have been in part attributed to sampling bias, wherein parents completed the

questionnaire from a di�erent perspective (cf. de Wit et al., 2018; Ferguson et al.,

2011). It is therefore possible that the parent responses will be biased, depending

on whether their child was diagnosed with APD, classified as TD or was a sibling of

an APD child who participated in a parallel study. Secondly, the stimuli used in the

CELF-RS consisted of clear speech and was presented in a quiet environment without

additional noise or degradation to the speech, a rather unrealistic listening condition.

The CCC-2 on the other hand touched on more realistic listening situations in

challenging environments. This may explain the di�erences in sensitivity between

the two measures across the APD group. The fact that nearly all the APD children

had CELF-RS performance within the norm yet was mostly abnormal for the

CCC-2 may suggest that APD does not a�ect learning skills of language, but may

a�ect the way APD children can use these skills in di�cult listening conditions.

These findings corroborates with recent DLD theory which postulate that DLD is

caused by deficits in learning parts in the brain as opposed to the common notion

that DLD is caused by processing deficits of sensory input (cf. Krishnan et al., 2016).

Next, the measures or test conditions that yielded the largest separation between

the groups were evaluated by calculating the proportion of pass and fail scores

averaged by groups (see Figure 4.25). Both the ECLiPS total score and the CCC-2

GCC sum score resulted in the largest separation between the groups. Out of the

auditory tasks, the ST conditions AMSSN (ASL: 50%, CCRM: 40%), Quiet-ASL-

NoAlt (45%) and MDR_F-ASL (40%) resulted in the highest proportion of APD

abnormal scores, whereas only 26% of the APD children had abnormal SRM.
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To summarise, it is important to keep in mind that while dichotomisation of

a continuous variable into two categories of ‘pass’ or ‘fail’ can help simplifying

the interpretation of the results, it can also result in misinterpretation or missing

di�erent e�ects due to loss of information. Next a more detailed investigation of

the groups’ performances and the associations with the di�erent measures will be

discussed separately below.
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Figure 4.25: Overall performance: proportion of abnormal scores per measure or
condition split by groups.

4.4.2 Developmental trends (age-e�ect)

Performance in the auditory tasks (ST, LiSNS-UK, & ENVASA) were found to

significantly improve with age. This finding was expected given that there is a

large amount of evidence for age a�ecting performance in a wide range of auditory

processing tasks in typically developing children. Studies typically report younger

children displaying poorer performance than older children and adults, thereby

giving rise to the notion of auditory processing immaturity (e.g., Corbin et al., 2016;

Dawes & Bishop, 2008; Hartley et al., 2000; Moore et al., 2011).
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The e�ect of age on ST performance was found to depend on material type and

test condition. However, the latter seemed to have had a larger e�ect. Overall,

the average age e�ect was very similar across the ASL and CCRM speech material

with an average decrement in DC of 0.024 and 0.022 DC per 1 year, respectively.

As for the test conditions, speech distractors exhibited the largest improvement in

performance between 7 to 12 years, with a decrement in DC between 0.18 to 0.30.

On the other hand, the improvement with age for the nonspeech distractor or quiet

conditions was markedly smaller, with a decrement in DC between 0.02 to 0.16.

All the test conditions showed a continuous linear improvement of performance

with age from the youngest to the oldest TD child, bar the MDR_F condition

for the ASL material. Performance in this condition was best described with a

segmented line where performance improved with age by circa 0.1 DC per 1 year

until reaching a plateau at the age of 9.5 years (possible reasons are discussed below).

In order to give context to the developmental trends, we next compared the

children’s data with SRdTs measured across young NH adults collected in Chapter 2.

A comparison between the TD children regression lines and the adults data (boxplots)

are shown in Figure 4.8 A-B. They further highlight the strong developmental trend,

with SRdTs still not entirely “adult-like” even at the age of 13 years, especially for

speech distractors. The children in both groups seem to be particularly susceptible

to competing CCRM sentences and for familiar- and unfamiliar-speech presented

with ASL sentences, with performance at the age of 12 years still largely di�ering

from those obtained by the adults. On the other hand, by the age of 12 years, the

TD group reached near to “adult-like” performance when CCRM target sentences

were presented without a distractor (Quiet-Alt) or with ENG_F speech distractor,

and when the ASL sentences were presented in quiet (Quiet-Alt) or with an AMSSN

distractor. These di�erences in age e�ect by test condition are suggestive of the

involvement of di�erent auditory processing mechanisms, especially when speech

distractors were used.
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Although the MDR_F performance in the ASL speech material has reached a

plateau at the age of circa 9.5 years (~ 0.64 DC), it was yet to reach an adult-like

performance (~ 0.48 DC). Thereby the maturation trend in this condition is expected

to continue into adolescence (i.e., DC is expected to get smaller). The cause of the

plateau is unclear. However, given that adults performance was noticeably better

and that similar conditions with speech distractors exhibited a monotonic linear

relationship with age, it is conceivable that the plateau was a consequence of the

small sample size, in particular towards older ages, with only four data points for

TD children aged between 11 to 12 years (the eldest TD child was 12 years old).

Moreover, due to time constrains, each child was tested only once with each test

condition. This could have potentially increased the variability within the group

due to random attentional lapses. Although the adult data showed good within-and

between test-retest reliability (see Chapter 3), this was not examined in children.

Therefore, a more representative data with larger sample-size with a well balanced

number of listeners within each year group and a wider age range is needed in order

to fully understand these developmental trends.

Another interesting observation was that performance for the ENG_F condition

reached maturity, with adult-like performance at the age of circa 12 years, for the

CCRM, but not for the ASL material. These results sit well with our expectations

for larger IM with increased target-distractor similarities, as seen for the ASL

condition, and for an overall poorer DC with increased complexity of the speech

material.

Analysis of the ST scores using derived measure revealed a small but significant

improvement in the listeners ability to use binaural integration processing with age,

whereby this e�ect was found to be the same in both speech materials. Similarly,

the listeners vulnerability to IM was found to decrease with age. As expected,

the size of the e�ect was modulated by the type of distractor, with a larger e�ect

for more demanding (speech) distractors.
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Likewise, there was a highly significant e�ect of age for the SRTs measured

with the LiSNS-UK task in the collocated (S0N0) and the separated (S0N90) test

conditions as well as the non-spatialised SSN condition. Performance in all three

conditions showed a monotonic negative linear relationship with age, with decrement

in SRT with increased age. These findings corroborate with other studies that

used similar test conditions in NH TD children for spatial listening (Cameron &

Dillon, 2007a, 2007b, 2008; Graydon et al., 2017) or for words/sentences in SSN

(Corbin et al., 2016; Elliott et al., 1979; Hall et al., 2002; Wightman & Kistler, 2005).

By contrast, we observed only a small and statistically insignificant improvement

in SRM with age of circa 1 dB between the age of 7 to 13 years. While statistically

these results are in disagreement with other studies which used similar test paradigm,

in absolute terms however, the improvement with age in the current study was

fairly similar to other studies, which ranged between circa 1.0 dB to 2.0 dB in

TD children between 7 to 11 years old (Cameron & Dillon, 2007a, 2007b, 2008;

Graydon et al., 2017). The di�erences in age trend may in part arise from stimuli

and/or talker di�erences between the studies. However, their e�ect on SRM are

not clear. Perhaps a more plausible explanation, considering the similar absolute

improvement with age across the di�erent studies, is the small sample size in the

current study (n = 23) which reduced the power of the model. While such sample

size is very common in similar clinical case control studies, other population studies

typically report a much larger sample size of circa 50 to 70 children (e.g., Cameron

& Dillon, 2007a, 2007b, 2008). The same explanation may hold for the inconsistent

trend we observed for the SSN condition. Several studies reported that children’s

performance reached maturity between 9 to 12 years old (e.g., Hall et al., 2002;

Wightman & Kistler, 2005), whereas performance in the present study did not show

signs of saturation. This could have been caused due to the small sample size,

especially towards older ages in the TD group.
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Strong developmental trends were also found for the ENVASA task in both

single- and dual-background(s). This is consistent with Krishnan et al. (2013) study

which found a strong significant main e�ect of age across 91 typically developing NH

children aged between 7 to 12 years. Interestingly, the results of the current study

revealed a di�erent developmental trend across the two background conditions.

Performance of the TD group for the single-background continued to improve

with age up to 12 years (which is also the age of the oldest TD child), whereas

performance in the dual-backgrounds condition reached a plateau at the age of 9

years. Since the sample size in the current study was considerably smaller than

in Krishnan et al. (2013), comparing the developmental trend in the two studies

may support our findings. Unfortunately however, the authors did not provide the

children’s scores as a function of their age and instead they reported model-based

estimated means, with 83.6% (SE = 0.7%) for the single-background, and 73.1%

(SE = 1.0%) for the dual-backgrounds condition. Nonetheless, these are very similar

to the estimated means obtained in the current study with 81.3% (SE = 1.6%) and

74.3% (SE = 1.6%), respectively.

Krishnan et al. (2013) compared the children’s data with a group of young

NH adults (mean age: 35.5 years range: 19 - 46 years) published by Leech et al.

(2009). They found that performance of the adult group was significantly better

than of the children group in both single-background (88.0%, SE = 0.9%) and

dual-backgrounds condition (82.2%, SE = 1.5%). The similar results between the

current study and Krishnan et al. (2013) study and the better accuracy in adults

as reported by Leech et al. (2009) thereby speaks against the plateau we observed

in our data for the dual-backgrounds. Therefore, it is possible that this was due

to the sample-size and the smaller data points for older children in the TD group.

Children in both the present study and in Krishnan et al. (2013) study had poorer

accuracy than adults for the dual-backgrounds condition. Thus, presentation of an

additional background scene at the opposite ear increased IM. This is consistent

with other observations that children are generally more sensitive to IM and perform
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more poorly than adults even up to adolescence (Corbin et al., 2016; Wightman &

Kistler, 2005). Various ASA aspects such as perception, segregation, and attention

are known to continue to develop in children into adolescence (e.g., Durlach et al.,

2003; Kidd et al., 2002; Shinn-Cunningham, 2008; Watson, 1987). Krishnan et al.

(2013) proposed that the increased IM in children could be explained by immature

attention skills, such as the need to divide attention over multiple auditory objects

and the ability to focus and relocate attention.

4.4.3 Di�erences in performance between TD children with
and without APD sibling

Family members tend to be more alike; this supposition arose from a common

finding in developmental language studies that children are likely to have similar

language skills to their parents. Heritable genetic causes and environmental causes

such as socio-economic status or education level have been identified as influential

factors (e.g., Pennington & Bishop, 2009). Similarly, history of ear problems

(e.g., chronic OME), causing auditory deprivation and developmental deficits for

language, learning and/or auditory processing have also been ascribed to genetic and

environmental factors (Moore, 2007b). It is therefore conceivable that TD children

with an APD sibling would be more alike, especially insofar as there appear to be

language deficits in the APD group. Although the present study was not designed

to investigate such questions in a controlled and balanced way, as it happens, our

control group sample could be subdivided into two groups of children: one with an

APD sibling who took part in a separate parallel study (TDAP Dsib, 8/23) and one

without (TD, 15/23). It is possible that the two groups would perform di�erently

in the study measures. Whether the influencing factors were mostly heritable or

acquired by the child’s environment, we hypothesised that TDAP Dsib will perform

poorly than their non-APD-sibling peers.
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Di�erences in performance between the two TD groups for di�erent measures

were examined separately by inspections of the results using graphs as well as

quantitatively using statistical analysis. A review of the di�erences of the group

di�erences can be seen in Figure A.7 in the appendix. Corresponding independent

t-tests (significance level – = 0.05) are shown in Table A.1. Overall, the results

suggested that having an APD sibling did not have a real e�ect on the TD

performance in the present study. Perhaps the most convincing evidence for

a possible group di�erence between TD and TDAP Dsibs children was seen in the

more specific language measure, the CELF-RS. Nevertheless, this e�ect was found

statistically insignificant in the full model where three groups were included (APD,

TD, and TDAP Dsib). Comparing the TD groups performance with the CELF-RS

norms, as shown in Figure 4.20, it is apparent that the TDAP Dsib median score was

closer to the test average norm score than in the ordinary TD group. Thus, apart

from genetic factors, this may imply that the di�erences between the two groups

could also be attributed to di�erences in samples. It could be that the TDAP Dsib

were more representative of the normal population, whereas the ordinary TD’s were

drawn from over-performing group of children.

Interestingly, parents of TDAP Dsib children tended to score their child higher in

the ECLiPS, resulting in higher (i.e., better) Total scaled scores. This may suggest

some kind of positive rating bias towards the non-APD child. This bias was possibly

strengthened by the recruitment procedure, where parents were well informed about

the study objectives and whether their child would be assigned to the APD or the

control group. However, di�erences between the two TD groups were relatively small

and insignificant. We did not find group di�erences for the CCC-2 scaled scores,

detection thresholds for standard and EHF audiometry, and speech perception

measured in the di�erent LiSNS-UK conditions; whereas other measures such as the

ST and the ENVASA showed weak and inconclusive evidence for group di�erences.

Taken together, these results suggest that the e�ect of APD sibling has negligible

e�ect on the TD children’s performance. However, this interpretation should be
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taken with reservations given that the present study was not designed to examine

this e�ect and so the sample-size was small which consequently resulted in a low

statistical power of the models.

4.4.4 Peripheral hearing evaluation

Overall, the APD group showed a small tendency for poorer detection thresholds

compared with the TD group across both standard (0.25 ≠ 8 kHz) and extended-

high-frequency range (8 ≠ 16 kHz) of up to 5 dB HL on average. However, these

di�erences were found to be statistically insignificant. This is perhaps not surprising

given that APD children by definition have normal peripheral hearing (measured

at standard frequencies) and that having a normal hearing acuity (i.e., thresholds

Æ 25 dB HL at frequencies Æ 8 kHz) was a prerequisite for participation in the

current study. It is therefore not surprising that there are conflicting findings in the

literature, not least because of the large di�erences in study samples and di�erences

in APD definitions across studies.

For example, a recent study by Moore et al. (2020) found no significant di�erence

in detection thresholds between APD and TD children for standard audiometry,

whereas other studies reported a small yet significant rise in thresholds in the

APD group of about 5 dB HL (Ankmnal-Veeranna et al., 2019; Hunter et al.,

2021; Vanniasegaram et al., 2004). The literature on association between EHF

hearing loss and APD children is unfortunately scarce. However, the results in

the present study corroborates with a recent study by Hunter et al. (2021), which

did not find conclusive evidence for direct association between peripheral hearing

dysfunction and listening di�culties in children. Their study investigated data that

was collected as part of a large longitudinal study which assessed a wide range

of demographic and auditory measures in a group of 60 children identified with

unexplained listening di�culties (LiD) aged 6 to 14 years and their performance

was compared with a group of 54 aged-matched TD children. Unlike the current
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study where a more strict APD recruitment approach was taken, where the majority

of the APD children met the diagnostic criteria, Hunter et al. (2021) included any

child who displayed specific listening di�culties for speech in noise, and used the

ECLiPS questionnaire score to validate their deficit. In their study they found

a significant interaction between the two groups and frequencies, indicating that

the LiD group were slightly better at lower frequencies (0.25 to 1 kHz), whereas

the opposite was true at EHFs between 8 to 16 kHz. While the results reached a

significance level, as seen in the above mentioned studies, the e�ective di�erence

across frequencies between the groups was generally small (up to circa 5 dB HL

at 16 kHz). Moreover, Hunter et al. (2021) found no group di�erence in a wide

range of other measures assessing peripheral auditory functions. Nevertheless, it

is conceivable that the significant group di�erence at higher frequencies may have

been caused by limitations of the test equipment, resulting in a noticeable increase

in spread within the groups at higher frequencies (> 8 kHz) (see Figure 1.A in

Hunter et al., 2021). This could have possibly arisen from standing waves at higher

frequencies which are known to introduce as much as 20 dB calibration error (Siegel,

1994). Unlike the current study where the stimuli was presented via in-ear probe

after applying individual sound level calibration, Hunter et al. (2021) presented the

stimuli via circumaural headphones without an individual calibration procedure.

Interestingly however, while Hunter et al. (2021) found that group a�liation and

severity of ECLiPS score were poor predictors for the children’s EHF thresholds,

they yet found that EHF thresholds were highly associated with PET history across

both groups. This, suggests that peripheral hearing deficits may not be a primary

cause of APD. A similar relationship was also found in the present study where

PET (fl = 0.42, p < 0.01) and middle-ear problems history (MEHx; fl = 0.38,

p < 0.01) were found to significantly correlate with the listeners EHF PTA (see

Figure 4.26 and Figure 4.27). However, it should be noted that due to di�erences

in recruitment criteria between the two studies, we were not able to inspect the link
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between PET and EHF in both groups6. In relation to that, any interpretation of

the relationship between MEHx and EHF should therefore be made with caution

as the number of cases in the TD group was small and likely not representative

of the number of cases in the true population.
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Figure 4.26: Association between PTA and history of middle-ear problems (MEHx)
for aggregated data across groups: A) standard audiometry, B) EHF audiometry. The
symbols represents the mean audiometric thresholds and the error bars shows the 95%
confidence intervals.
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Figure 4.27: Association between PTA and history of pressure-equalisation-tube (PET)
for APD children only: A) standard audiometry, B) EHF audiometry.

6In accordance with the APD diagnostic prerequisite, normal hearing acuity was a criterion for
participation in the present study. Therefore, data for one APD child with elevated thresholds
was excluded from the analysis. Moreover, we strived to minimise the inclusion of children with
history of hearing problems, including chronic OME and PET. None of the TD children reported
to have a history of PET, and only 26% (6/23) TD children reported to have a single incident of
a middle ear problem. Due to di�culties in recruitment, the number of cases among the APD
group was significantly larger, where 65% of the children (13/20) experienced repeated middle ear
problems, and 25% (5/20) have reported a history of PET.
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4.4.5 Central auditory evaluation

4.4.5.1 ST

With no overlap between the target and masker signal in the periphery, the switching

task enables us to eliminate EM, while maintaining a high IM, thus providing a

“purer” measure of IM. Perception of switched speech requires listeners to perform a

series of computational processes, including temporarily storing short-term segments

of the input stimuli, integrating these into separate auditory objects for further

analysis. The task is thought to involve some higher-level cognitive processes

such as sustained and selective attention in order to attend the target signal and

to integrate the binaural target glimpses across the two ears while ignoring the

distractor glimpses that are presented in the contralateral ear. Therefore, the task

can help us in disentangling the contribution of sensory and cognitive process in

speech perception in noisy listening conditions in children. The objective of the

present study was two-fold: (1) to investigate the contribution of informational

masking on performance in the task, and (2) to investigate the association of

performance in the task with APD diagnosis. To address the first objective,

performance in the task (in SRdT) across the di�erent test conditions was evaluated

in the control group and normed scores were obtained controlling for outliers and age

e�ect (using standardised residuals z-scores). The second objective was examined

by comparing performance across the APD and TD group based on the z-scores

and using derived measures. These aspects will be discussed in the following sections.

4.4.5.1.1 Unravelling the contribution of IM on performance in the ST

task across TD children

In agreement with our hypothesis, the amount of (IM) interference varied across

the di�erent distractor types. Speech distractors induced the largest IM on SRdTs

(i.e., high DC), whereas the nonspeech AMSSN distractor had very little e�ect on

performance, with DC similar to the baseline condition Quiet-Alt, irrespective of the

speech material or group a�liation. Thus, speech distractors are more e�ective than
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nonspeech distractors across listeners in the ST task. The children’s performance,

while shifted towards higher DCs due to developmental e�ect, corroborated with

our expectations which were based on the adult data described in Chapters 2 and 3

where NH adults also showed a highly specific IM for speech distractors. This highly

specific e�ect for speech distractors is consistent with the IM literature where both

young and old listeners with normal hearing find it easier to understand speech in a

nonspeech distractor (e.g., SSN) than in multi-talker speech distractors (e.g., 2- or

more talker babble, Rosen et al., 2013).

This brings up the question – what makes speech such an e�ective distractor in

the task? The highly specific IM e�ect for speech distractors found in the current

study supports ASA theories of top-down attention-related interference due to

similarities between the target and the distractor. In other words, it supports the

idea that uncertainty as to which object is the target stimulus that the listener should

attend to can lead to failure in object formation and selection (Shinn-Cunningham,

2008).

Another interesting observation is that the children showed little-to-no masking-

release for the MDR_F condition (unfamiliar speech), when compared with the

ENG_F condition (familiar English speech). This is in agreement with our findings

across adults listeners described in Chapter 2, where contrary to our predictions,

adult listeners did not gain a masking release when the target speech was presented

with an unfamiliar speech distractor (MDR). The listeners showed only small

di�erences in performance for unfamiliar speech than compared with a familiar

speech distractor spoken in English, irrespective to whether the talker was of the

same-sex or opposite-sex to the target talker. These results are in conflict with

more traditional studies which found a benefit from linguistic cues such as semantic

content and relevancy of the speech on masking in more simple listening task

of speech in competing talkers (Calandruccio et al., 2013; Lecumberri & Cooke,

2006). Nevertheless, our findings (in both children and adults) corroborates with
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studies that used less conventional complex listening tasks which also showed

that unintelligible speech can induce non-energetic central masking in challenging

listening conditions (Brungart & Simpson, 2002; Carlile & Corkhill, 2015; Freyman

et al., 2001; Scott et al., 2009; Summers & Roberts, 2020). This suggests that this

lack of MR for unintelligible Mandarin speech distractor may be ascribed to the

complexity of the listening task. Together, these results confirm the involvement of

other higher-level cognitive factors other than semantic content in masking such as

attention or executive functions.

This notion seems to relate to Lavie’s (perceptual) load theory (Lavie & Tsal,

1994; see reviews: Lavie, 2005, 2010; and Murphy et al., 2017). The theory

di�erentiates between perceptual and cognitive load, suggesting that they are

limited in capacity. Furthermore, when the perceptual load is high (beyond the

capacity limit), it suggests that no/less cognitive attentional resources are available

to attend the task-irrelevant stimulus, and its’ processing is eliminated at an early

stage, resulting in improved performance. Cognitive load, on the other hand, a�ects

selective attention and cognitive control in the opposite direction to perceptual load.

When the perceptual load is low, cognitive load increases (i.e., more resources can be

allocated for cognitive processes), thus enabling the processing of the task-irrelevant

stimulus in addition to the target stimulus. When the cognitive control is deficient or

depleted, distractor interference is likely to increase, resulting in poorer performance.

It may be that the notion of the e�ects of load would be useful when considering the

switching task, but it is di�cult to apply the idea directly to a listening situation

where a target speech is presented with a speech distractor because of problems in

distinguishing perceptual from cognitive load.

In accordance with our expectations, the CCRM_F distractor, induced the

highest IM, with performance near-to-floor in some children (mostly from the

APD group). Using target-like CCRM sentences as a distractor increased the

target-distractor similarity and uncertainty making the CCRM_F a highly e�ective
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distractor. The high e�ectiveness of CRM-type sentences as a distractor compared

with an unrelated connected speech distractor (ENG) is attributable to the fixed

structure of the CCRM sentences, the fixed number of test items, their fixed position

in the sentence, and consequently their similar prosodic features, making them

less distinguishable than unrelated connected speech. All these factors resulted

in a competing speech that is of a high relevance, whereby each test item has

a high chance of being the target, thus increasing the uncertainty in the mixed

stimuli. Another contributing factor is that both the target and the distractor

(CCRM sentences as well as other types alike) had the same onset time, therefore

reducing the use of temporal cues. All the distractors used with the ASL sentences

(ST-ASL) started 1 s before the target stimulus, thereby enabling the listeners to

refocus their attention before the presentation of the test items. As described in

Chapter 3, the duration of the CCRM sentences was equalised to be of a similar

length with a maximal duration di�erence of about 400 ms between the di�erent

sentences. Conveniently, 400 ms is about the same length as the ending phrase ‘is’,

thus, since the onset time of both signals was the same, the chance that a target

test item was presented without a contralateral distractor is small. In addition,

while the target ASL sentences originated from a single talker, the CCRM target

sentences were recorded by three di�erent talkers, selected at random in each trial,

thus reducing the use of talker characteristics (vocal timbre or F0) to attend to

the target talker. Lastly, the starting ear of the target sentence was selected at

random in each trial. Although this was the same for all the test conditions, it

may have acted as an additional contributing factor. All these factors potentially

minimised the availability of grouping cues. Therefore, listeners likely relied on

di�erences in vocal timbre or F0 between the talkers and priming animal (target

sentences always started with the animal ‘dog’) as grouping cues. It is conceivable

that the decrement in the listeners performance in this condition was due to failure

of higher-level attentional-related object-selection due to similarity and uncertainty

(Shinn-Cunningham, 2008).
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In agreement with our expectations, SRdTs measured with the CCRM speech

material were generally improved with performance shifted towards lower DC

relative to the SRdTs obtained for the ASL sentences across the di�erent test

conditions. Lower SRdTs meant that the children were able to understand 50%

of the sentences with larger portions of speech information missing. Nevertheless,

although the performance was generally shifted, a similar trend in performance for

the di�erent conditions was preserved as seen for the ASL sentences. Therefore,

both test versions seems to tap into similar processes. The foremost influential factor

for the improved intelligibility stems from the more simple speech material, with

fixed structure, and the limited response alternatives of the matrix-based sentences.

Other possible contributors were the reduced confusion between the target sentences

and the connected speech distractors, as well as the restricted alternative responses

of the CCRM matrix-based sentences. Although theoretically the predictability

of the CCRM sentences is considered low (with 48 possible combinations of the 8

di�erent digits and 6 di�erent colours) with a guess rate of about 2%, the e�ective

rate was probably higher. This is because the test items di�er in their phonemes,

making some test items more distinguishable than others (e.g., ‘six’ or ‘eight’).

4.4.5.1.2 Association between ST performance and APD (group di�er-

ences)

The objective of the next section is to discuss any trends of group di�erences found

in the present study; however, these should be interpreted with caution. This

is because the 2 x 2 x 5 nparLD() statistical model shown in Table 4.12 found

no significant two-way Group x Condition interaction. Nevertheless, as discussed

in Section 4.3.3.3, given that the z-scores were normed based on the TD group,

the main e�ect of Condition has to be driven by the APD group. Therefore, this

suggests that the APD children are more impaired in some test conditions than

others, and so a Group x Condition interaction should be expected. Thus, it is

plausible that this lack of interaction was due to the use of a nonparametric method
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which is known to have reduced statistical power, particularly for a small sample

size with large variability in performance (Whitley & Ball, 2002).

Inspection of the listeners’ z-scores in Figure 4.12 and Table 4.11 demonstrates

that the APD performance was a�ected di�erently by the di�erent test conditions.

Abnormal rates in the APD group ranged between 10% to 50% in the ASL material

and between 10% to 40% in the CCRM material. Surprisingly, despite the large

decrement in SRdTs for speech distractors, group di�erences were not exclusive

for speech distractors. In fact, the test conditions with the highest proportion of

abnormal scores amongst the APD group were the nonspeech AMSSN distractor

(ASL & CCRM) with 50% and 40%, respectively, the non-alternated quiet condition

(ASL only) with 45%, and the unintelligible Mandarin speech (ASL & CCRM) with

40% and 25%, respectively.

The large group di�erence when presented with AMSSN distractor is intriguing,

as it corroborates with findings from the ASD literature reporting that ASD children

had no di�culties in understanding speech in SSN background noise, but had a

significant deficit for speech in AMSSN or in competing talker (Alcántara et al.,

2004). The high susceptibility to AMSSN could be attributed to the AMSSN spectro-

temporal fluctuations drawing the listeners’ attention from the target stream. This

is particularly interesting since there are some reports that ASD is over-represented

in APD (Dawes & Bishop, 2009). Furthermore, like APD, auditory deficits in ASD

have been suggested to be strongly influenced by top-down auditory processing

rather than bottom-up deficits in detection or discrimination of auditory objects

(Dawes & Bishop, 2009).

The APD children showed no obvious di�culty in three out of the four Quiet

conditions (i.e., NoAlt/Alt x ASL/CCRM). Unexpectedly however, nearly half

of the APD children displayed a deficit for the Quiet-NoAlt-ASL condition, with

a median score just within the norm (z-score = 1.81). The cause for this poor
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performance in this condition is unclear and may require further investigation in

the future. With no good theoretical explanation, perhaps the cause of this e�ect

is more a quantitative one. The group di�erences were determined based on the

listeners’ standardised z-scores which were normed for age using the control group

data. These were calculated separately for each test condition and speech material

combination. This was a necessary step in order to account for the variability in

performance in the TD group across the di�erent test conditions. For example,

performance in the less demanding condition Quiet-NoAlt-CCRM by the TD group

had a very small spread, whereas the spread in the challenging condition CCRM_F-

Alt-CCRM was much larger. Nevertheless, while the use of z-scores is beneficial

for controlled comparison between groups, it does not give us information about

the condition itself, but rather the relative performance of the APD child when

compared with the normative population. Related to that, the lack of 2- or 3-

way interactions between Group, Condition and material may be explained again

due to the large variability in the TD performance across the di�erent test conditions.

Overall the APD group showed noticeable deficits in four out of five conditions,

bar Q-Alt, where only 10% (ASL) and 15% (CCRM) of the APD children displayed

abnormally poor performance. This confirms that children in both groups are

equally able to integrate the switched target glimpses when presented in silent gaps

instead of a distractor. Another interesting observation was that the abnormal

rate in the APD group was overall lower for the CCRM corpus than compared

with the ASL material. This suggests that the performance in the CCRM speech

material was less influenced by language skills than in the ASL speech material.

As discussed above, this meets our expectations for improved intelligibility in the

CCRM material. The reasons for this are amongst others due to the more simple

nature of matrix-based sentences which have a low linguistic demand, the reduced

confusion between the target sentences and the connected speech distractors, as

well as the restricted alternative response items.
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4.4.5.1.3 Derived measures

The switching cost was calculated for the baseline conditions where the target

speech was presented in quiet with silent gaps replacing the additional distractor

by subtracting the non-switched condition from the switched condition. This is

thought to involve more bottom-up spectro-temporal processing. This supposition

arises from a recent study by Calcus et al. (2020), which has shown that periodic

switching of speech within words leads to poorer intelligibility than when compared

with switching speech segments at word boundaries. It has been claimed that this

results from a reduced access to spatial cues, resulting in a more di�use spatial

percept of the target and distractor stimuli (cf. Best et al., 2006; Calcus et al.,

2020). Integration of glimpsed auditory streams in a complex listening situation

is thought to involve both automatic bottom-up spectro-temporal cues, as well

top-down perceptual based features such as volitional attention, or semantics (cf.

Calcus et al., 2020; Kidd et al., 2013). Binaural processing of the auditory system

often responds in a sluggish way to rapid changes in location of a stimuli over time

(> 2 Hz), hindering the percept of moving stimulus between the ears (Moore, 2012).

This phenomenon was coined as “binaural sluggishness” or more specifically was

recently referred to as “switching sluggishness” in a recent study by Calcus et al.

(2020), which used switching of speech-on-speech in a similar way as in the ST task.

We therefore hypothesised that the cost of rapid periodic switching of the target

speech between the two ears on performance would be rather small, and would be

of similar magnitude in both APD and TD children.

The cost of switching the stimuli between the two ears measured in the present

study was generally low, exerting only a small increment in DC of circa 0.1 DC (see

Figure 4.14). Perhaps one of the key findings of the study was that the switching

cost was the same in both the APD and TD group (based on z-scores comparison).

Furthermore, the e�ect of switching on performance was found to be of the same

size in both types of speech material. These results demonstrate that APD children

have comparable switching skills as in the TD group, suggesting that the deficit
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displayed by APD children cannot be ascribed to deficit in binaural integration for

speech in quiet. Furthermore, it indicates that the e�ect of switching alone was the

same in both speech materials, suggesting that the influence of language skills in

this fundamental condition is rather low.

Informational masking was expected to be larger for speech distractors and the

largest for the CCRM target sentences presented with the CCRM-like sentences

as a distractor. Examining the SRdTs obtained by the TD group revealed a

significant interaction between distractor type and age, thus indicating the e�ect of

IM depended on the age of the listeners, whereby older children exhibited less IM.

Moreover, there was a significant main e�ect of speech material, suggesting that

the magnitude of IM induced in the di�erent conditions depended on the speech

material, with slightly smaller IM (i.e., lower DC) for the CCRM, than for the ASL

speech material. Looking at the regression lines in Figure 4.14, it appears that

performance in the TD and the APD group were more similar for less challenging

conditions, and became more di�erent for more challenging conditions with speech

distractors, except the CCRM_F distractor. As discussed earlier, the di�erent

trend in the CCRM_F condition is likely due to a floor e�ect.

Furthermore, we hypothesised that APD children would be more a�ected by IM,

displaying poorer performance, particularly for speech distractors than TD children.

Generally, the proportion of abnormal scores in the APD group was relatively

low (albeit larger than for the switching cost), ranging between 0% to 25%, with

noticeably larger proportion in the CCRM material. The reason for the di�erence

in rates between the two materials are unclear, and may be due to a larger spread in

scores for the TD group when presented with the ASL sentences. In corroboration

with our expectations, a statistical analysis of the children’s z-scores revealed that

the APD group experienced significantly larger IM (estimated mean di�erence = 0.5),

than compared with the TD group across distractor types and speech material. No

di�erence in performance was found between distractor types or speech material.
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These results are surprising as they suggest that the amount of IM induced by the

nonspeech distractor AMSSN was the same as for the speech distractors, regardless

as to whether they were intelligible (ENG_F) or not (MDR_F). Furthermore,

despite the di�erences in abnormal rates between the two speech materials, the

results suggests that the e�ect of IM in the APD group was the same.

4.4.5.2 Speech-in-noise (SSN) & spatialised speech-on-speech (LiSNS-
UK)

Overall the TD children in the present study displayed a fairly large SRM of circa

7.5 dB, yet it was smaller than the SRM reported in other similar studies of about

9 to 12 dB (e.g., Cameron et al., 2009; Cameron & Dillon, 2007a, 2007b; Graydon

et al., 2017). Furthermore, the averaged intelligibility of the normed ASL sentences

was about 1 to 2 dB higher for the collocated condition (S0N0) and up to circa 3 dB

lower for the separated condition (S0N90), with an average SRT of circa ≠2 dB

and ≠9 dB, respectively. Because of the strong age e�ect which was discussed

in greater details in Section 4.3.4.1, it is more useful to examine the children’s

standardised z-scores. Nevertheless, for the ease of comparison with the literature

which is often discussed in dB, the normative data obtained in the present study

across typically developing control children is given in Table 4.18. The cause for

the smaller SRM advantage found in the current study compared with other studies

is likely due to di�erences between the target sentences and the speech distractors

used in the present study. Although both were recorded by the same talker, they

were recorded many years apart with di�erent instructions regarding the way the

speech should be articulated: the ASL sentences were spoken in a natural speaking

style, whereas the speech distractors were spoken in a more neutral way. While

change in F0 characteristics with ageing has been shown to be generally small

across male speakers (Nishio & Niimi, 2005), di�erences in speaking/articulation

style may have aided masking-release in the collocated condition, thereby increasing

speech intelligibility. It is also noteworthy that the talker appeared to be unusually

intelligible, however this is only speculative and there is no hard data to support this.
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The abnormal rate of the APD children for SRM was relatively high with circa

~26%, which is higher than the proportion reported in the literature between about

12% (Ferguson, 2014) to 17% (Dillon et al., 2012). Surprisingly however, di�erences

in SRM between the APD and the TD group were not significant. A possible

explanation for this might be the very large spread in the APD group performance,

where about half of the children had poor SRM (i.e., low z-score), while the other

half had good performance, with two APD children even outperforming the control

group. This large spread in the APD group obtained in the present study is an

archetypal example for the heterogeneous nature of individuals with APD (e.g.,

BSA, 2018; de Wit et al., 2018; Sharma et al., 2019). Furthermore, the very large

SRM observed in some of the APD children may have been obtained because these

children had a really poor S0N0. In fact, while the SRM correlated with the S0N90

condition, it did not correlate with the S0N0 condition, suggesting that children with

poor S0N0 did not obtain better SRM. In contrast, the SRM score was dominated

by performance when speech distractors were separated. The correlations between

the measures are discussed in more details in Section 4.4.6.3 (see Table 4.28). The

abnormal rates for the remaining conditions were roughly 11% (S0N90), 16% (SSN)

and 26% (S0N0). Group comparison found a significant main e�ect of group,

whereby the APD group had poorer z-scores (estimated mean di�erence = 0.82)

than compared with the TD group, whereas there was no significant main e�ect of

condition.

4.4.6 Interaction between measures

The present study involved a large number of test conditions and various measures

assessing di�erent skills. For example, the ST data alone comprises 11 di�erent

conditions (x5 ASL, x6 CCRM speech material). Another set of measures consisting

of the CELF-RS, ECLiPS and the CCC-2 tap into language and communication

related skills, whereby the latter two consists of a sum of 15 di�erent sub-scales

which, however, have been shown to strongly correlate with one another (Barry &
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Moore, 2014). Examining the extent to which performance is explained by such

a large number of measures will result in a very conservative significance level in

order to minimise Type-I error (false positive), and could increase the Type II

error rate (false negative) (McDonald, 2014). Since the measures within the ST

and within the language dataset are expected to strongly correlate, it was decided

to use an exploratory data analysis technique – Principal Components Analysis

(PCA). PCA is a technique used to reduce a large number of correlated parameters

into a smaller set of components that together explain a considerable amount of

the variability in the larger dataset. Each of the PCA components is composed

of a linear combination of the input parameters (James et al., 2013). PCA was

performed separately for the ST and language data set using the FactoMineR

package (Lê et al., 2008) with scaled units and will be discussed separately below.

4.4.6.1 ST – PCA

The PCA for the ST z-scores comprised 11 input variables and a sample size

of 43. Sample size adequacy for PCA was verified using a Kaiser-Meyer-Olkin

test (psych::KMO(), Revelle, 2020), with an overall KMO of 0.76 (‘good’, Field

et al., 2012a), and a KMO range between 0.66 to 0.85 across the conditions.

Bartlett’s sphericity test was significant [‰2(55) = 190.36, p < 0.001], indicating

that the correlations between the di�erent items were large enough for a PCA.

Table 4.26 shows the variables loadings (no rotation was applied), their eigenvalues

and percentage of variance explained. Loadings are indicators of substantive

importance of a given variable to a given component (Field et al., 2012a). The

first three components were used, yielding eigenvalues > 1 (Kaiser’s criterion),

explaining together circa 67% of the variance in the data. The first component

(PC.ST) accounted for the largest portion of spread in the data of 40.6% and was

interpreted as an overall measure for performance in the switching task with relatively

high loadings across all separate thresholds. The remaining components explained

each circa 16% and 11% of the variance (ascending order). Figure 4.28 illustrates the
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Table 4.26: Switching task PCA: Input variables loading.

Item PC1.ST PC2.Material PC3.Nz
Q-ASL-NoAlt 0.59 0.60 0.08
Q-ASL-Alt 0.61 0.42 0.43
AMSSN-ASL.Alt 0.61 0.50 0.36
MDR_F-ASL-Alt 0.68 0.36 -0.41
ENG_F-ASL-Alt 0.69 0.22 -0.40
Q-CCRM-NoAlt 0.52 -0.35 0.56
Q-CCRM-Alt 0.59 -0.42 0.09
AMSSN-CCRM-Alt 0.67 -0.49 0.17
MDR_F-CCRM-Alt 0.72 -0.34 -0.11
ENG_F-CCRM-Alt 0.72 -0.34 -0.16
CCRM_F-CCRM-Alt 0.58 -0.12 -0.41
eigenvalue 4.46 1.73 1.21
variance (%) 40.52 15.72 10.98
cumulative variance (%) 40.52 56.24 67.22
|loading| >0.3 are highlighted in bold.
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Figure 4.28: Switching task PCA: Scatterplot for the input variables as a function of
PCA components: PC1.ST vs. PC2.Material (A), PC1.ST vs. PC3.Nz (B). Loadings for
ASL conditions are indicated by circles and loadings for CCRM conditions are indicated by
rectangles. Filled shapes denote conditions with speech distractors (Spch) and non-filled
shapes denote nonspeech conditions (NoSpch).

di�erent dimensions in the data captured by the three PCA components. Clustering

in the second component (PC2.Material) reflected di�erences in performance across

the two speech materials (i.e., Material = ASL ≠ CCRM). The third component
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(PC3.Nz) reflected the degree of distractability introduced by speech distractors

(MDR_F, ENG_F, & CCRM_F) irrespective of the speech material used, resulting

in decrements in performance when compared with non-speech distractors or target-

only conditions (Quiet and AMSSN), i.e., Nz = NoSpch ≠ Spch. Boxplots of

the listeners weighted scores for the PCA components split by group are shown

in Figure 4.29. PC1.ST shows a substantial separation between the two groups,

with very little overlap in scores between the TD group and the majority of the

APD children. Separation between the two groups in the remaining components is

noticeably smaller.
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Figure 4.29: Switching task PCA: Listeners weighted scores split by components and
group.

4.4.6.2 Language measures – PCA

A PCA with three components was computed for the listeners’ scaled scores obtained

in the di�erent language measures, comprising of 16 input variables (x1 CELF-RS,

x5 ECLiPS, x10 CCC-2) with a sample size of 42. Data for one TD child was

excluded from the analysis due to inconsistent CCC-2 responses. The Kaiser-Meyer-

Olkin test for sample-size adequacy was ‘superb’ (Field et al., 2012a) with an overall

KMO of 0.93 (range: 0.86 - 0.97) and the assumption of sphericity was verified

using Bartlett’s sphericity test [‰2(120) = 787.52, p < 0.0001]. The PCA variables
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loadings, eigenvalues and percentage of variance explained split by components

are given in Table 4.27. The first component (PC1.Lang) yielded eigenvalue > 1,

explaining circa 73% of the variance, reflecting an overall performance averaged

across all the language measures. The remaining components had eigenvalues of just

under 1 (0.95 & 0.85, respectively), each explaining circa 6% and 5% of the variance.

The second component (PC2.Lang) reflected the discrepancy between expressive

language skills, measured by the CELF-RS and listening and communication skills

measured by the ECLiPS subscales. Interestingly, the third component (PC3.Lang)

reflected once again a discrepancy, clustering together variables that tap into

pragmatic language and social interaction skills such as the ECLiPS subscale PSS

(pragmatic & social skills) and the CCC-2 subscales E, H, I & J, separating them

from other variables that assess more structural language skills such as the CELF-RS

and the CCC-2 subscales speech (A) and Syntax (B). Boxplots of the listeners

weighted scores for the PCA components split by group are shown in Figure 4.30.

As seen in the ST data, the first component (PC1.Lang) best separated the two

groups, whereas separation between the two groups in the remaining components

was noticeably smaller.
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Figure 4.30: Language measures PCA: Listeners weighted scores split by components
and group.
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Table 4.27: Language measures PCA: Input variables loading.

Item PC1.Lang PC2.Lang PC3.Lang
CELF-RS 0.69 0.40 0.37
ECLIPS.SAP 0.91 -0.32 0.14
ECLIPS.L/L/L 0.92 -0.14 0.11
ECLIPS.M&A 0.88 -0.30 0.14
ECLIPS.PSS 0.83 -0.36 -0.17
ECLIPS.EAS 0.79 -0.52 0.07
CCC2.A speech 0.78 0.08 0.35
CCC2.B syntax 0.82 0.19 0.27
CCC2.C semantic 0.92 0.14 0.05
CCC2.D coherence 0.92 0.09 0.05
CCC2.E inappropriate initiation 0.82 0.13 -0.41
CCC2.F stereotyped 0.89 0.22 -0.03
CCC2.G use of context 0.93 0.04 -0.08
CCC2.H nonverbal 0.84 0.13 -0.26
CCC2.I social 0.88 0.15 -0.16
CCC2.J interests 0.80 0.11 -0.40
eigenvalue 11.67 0.95 0.85
variance (%) 72.96 5.95 5.3
cumulative variance (%) 72.96 78.91 84.21
|loading| >0.3 are highlighted in bold.

Despite the small proportion of variance explained by the latter two principal

components, they do capture other aspects of language and communication skills that

may be relevant in explaining the individual and group di�erences in the auditory

tasks and were therefore included in the analysis. Nevertheless, interpretation

of the relationship between these components with performance in the auditory

tasks should be viewed with caution. Inspection of the individuals’ scaled scores

split by groups for loadings in PC1.Lang as a function of loadings in PC2.Lang

and PC3.Lang shown in Figure 4.31 A-B revealed a linear relationship between

PC1.Lang and PC2.Lang (APD group) and between PC1.Lang and PC3.Lang (TD

group), thus indicating that they are not entirely independent from one another.

The partial lack of independence may be in part explained by the large di�erence

in scores between the groups across the di�erent input variables.
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Figure 4.31: Language measures PCA: Individual scores split by groups for loadings in
PC1.Lang as a function of scores for PC2.Lang (A), and PC3.Lang (B). The regression
lines were drawn only when the correlation was significant.

The assessment of language abilities is a single element in the APD assessment

out of a large test battery that assesses deficits in a wide range areas. On the whole,

all the language measures showed a strong correlation with PC1.Lang. Since clinical

testing time is very limited, using only one measure would be advantageous. To

answer this question we empirically examined which measure is best described by the

PCA. The CCC-2 GCC score showed the largest correlation (fl = 0.98, p < 0.0001).

This was true not only for the data aggregated across groups, but also when

correlations were examined separately in each group. Therefore, taking into account

the short administration time and simplicity, the CCC-2 alone provides a good

screening tool for children’s language and communication skills with high levels

of sensitivity and specificity. However, it should be noted that given that more

than half of the scales in the PCA were from the CCC-2 (10/16), it is likely to

lead to the higher correlation with the CCC-2. Moreover, children in the present

study knowingly consented to take part in the study either as part of the clinical

APD group or the control group, which may have introduced bias in the reporters’

responses, and may have resulted in a larger separation between the two groups

than one would expect across the true population.
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4.4.6.3 Correlations

Next, the extent to which individual di�erences in speech perception could be

explained by other measures was examined for the aggregated data across the

two groups with multiple Spearman’s rho correlations using the rcorr function

(Hmisc R package, Harrell Jr, 2020) between SSN scores, LiSNS-UK scores for

the spatialised conditions and the derived score for spatial release from masking

(S0N0, S0N90 & SRM), the principal components for the switching task PC1.ST,

PC2.Material and PC3.NZ, and for the language measures PC1.Lang, PC2.Lang

and PC3.Lang, average PTA at standard audiometry frequencies (0.5 ≠ 4 kHz),

average PTA at high-frequencies (PTAEHF , at 8, 11 and 16 kHz), and ENVASA

total score as a measure for non-verbal sustained and selective-attention. The age

e�ect was accounted for either by using standardised norms when available or by

norming the children’s performance based on the TD group using a regression

model based z-score transformation. The correlation matrix outcomes are given in

Table 4.28. Potential outliers were identified using Cook’s distance (Cook’s D) and

were removed using the following cut-o�: Di < 4/n (0.095), whereby Di stands for

the individual’s calculated Cook’s D, and n is the number of observations in the

model (n = 42). No p-value Bonferroni correction for multiple comparisons was

applied.

Table 4.28: Correlation matrix (Spearman) between the study test measures for
aggregated data across the two groups. Potential outliers were removed based on Cook’s
distance analysis (cut-o�: Di > 4/n).

PTA PTAEHF ENVASA SSN S0N0 S0N90 SRM PC1.ST PC2.Material PC3.Nz PC1.Lang PC2.Lang
PTA
PTAEHF 0.28
ENVASA -0.04 -0.06
SSN 0.23 0.05 -0.34
S0N0 0.16 0.07 -0.20 0.30
S0N90 0.35* 0.33 -0.05 0.30 0.65****
SRM -0.29 -0.32 -0.09 -0.12 0.14 -0.65****
PC1.ST 0.46** 0.22 -0.23 0.32 0.24 0.34 -0.04
PC2.Material -0.21 -0.20 0.01 0.31 0.28 0.22 0.06 -0.02
PC3.Nz -0.24 -0.25 -0.13 0.00 -0.02 -0.22 0.18 -0.31 0.07
PC1.Lang -0.25 -0.17 0.34 -0.49** -0.12 -0.12 -0.08 -0.62**** -0.11 0.13
PC2.Lang 0.09 0.08 0.09 0.02 0.13 0.19 -0.12 -0.12 0.12 -0.04 0.11
PC3.Lang -0.06 -0.35* -0.09 0.26 0.03 0.01 0.00 0.03 0.16 -0.25 -0.09 0.07
significant p-values: **** p < .0001, *** p < .001, ** p < .01, * p < .05
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The listeners’ overall performance in the switching task (PC1.ST) highly cor-

related with their language skills (PC1.Lang; fl = ≠0.62, p < 0.0001) and PTA

(fl = 0.46, p < 0.01). Performance in the LiSNS-UK exhibited the highest correlation

coe�cients, with highly significant correlations between S0N0 and S0N90, where

better performance in one condition was highly associated with better performance

in the other (fl = 0.65, p < 0.0001), and between S0N90 and SRM (fl = ≠0.65,

p < 0.0001), where better SRM was predicted by better performance for S0N90,

whereas the correlation between S0N0 and SRM was not significant (fl = 0.14,

p = 0.62). Note that a lower z-score in the spatialised conditions denotes better

performance, whereas the opposite holds for SRM, with higher z-scores marking

a better performance, thus explaining the negative correlation between SRM and

S0N90. A separate group-wise analysis gave similar results for the correlation

between S0N90 and SRM, whereas correlations in the APD group between S0N0

and S0N90, and between S0N0 and SRM were smaller and insignificant (fl: 0.46 and

0.28, respectively). The insignificant correlation between SRM and S0N0 stands

in contrast to our expectations, for an inverse correlation, where listeners with

better S0N0 scores (i.e., lower z-score) were expected to have a better SRM (i.e.,

higher z-score). The insignificant and reduced correlation in the APD group is

likely due to a sampling error and due to the small sample size in the present study

(correlation between the LiSNS-UK condition for the listeners SRT and z-scores

are given in the appendix in Figures A.5 and A.6). Furthermore, the SSN score

significantly correlated with PC1.Lang (fl = ≠0.49, p < 0.01). Lastly, none of the

measures significantly correlated with the ENVASA task or the listeners PTAEHF ,

bar PC3.Lang, which is a discrepancy measure between pragmatic and structural

language skills.

Hearing sensitivity of normal hearing listeners as measured by standard pure-

tone-audiogram between 0.25 to 8 kHz are not considered as a particularly good

predictor for speech perception, especially in challenging noisy environments (Humes

& Dubno, 2010; Kidd & Humes, 2012). However, recent studies have been reported
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evidence for a relationship between better EHF detection thresholds and improved

speech perception or improved performance in the LiSNS in adults and in children

(Besser et al., 2015; Hunter et al., 2020; Yeend et al., 2019). The association between

audiometric thresholds and performance in the LiSNS is nicely shown by Hunter

et al. (2020) in Figure 6. Wherein thresholds at lower frequencies (Æ 8 kHz) did not

show a significant relationship between the two, thresholds at higher frequencies

(> 8 kHz) significantly correlated with the collocated and the spatial advantage

score (i.e., S0N0 and SRM in the present study). In contradiction to the literature

reports, the listeners’ detection thresholds for standard audiometry (PTA) was

shown to significantly correlate with performance in the ST task (PC1.ST), whereas

no significant correlation was found between PTAEHF and the LiSNS-UK conditions

or the ST task.

In order to better understand some of the above listed findings, we next examined

the significant associations by groups (see Figure 4.32). As seen in the figure,

the listeners’ PTA seems to predict reasonably well their performance in the ST

task in both groups, whereas the opposite was true for the remaining measures,

where no strong relationships were found. Although the correlation between

PC1.ST and PC1.Lang was significant when considering both groups together

(Table 4.28), this was not significant when considering each group individually

(Figure 4.32 B, p
Õ
s > 0.05). Therefore, perhaps the most interesting finding here

is that ST performance within groups does not seem to relate to language skills,

hence suggesting that the listeners’ ST performance in the present study was not

a�ected by their language abilities.
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Figure 4.32: Correlations: Subsidiary examination of correlations by groups. Figures A
- B: PC1.ST individual’s score as a function of PTA and PC1.Lang score, respectively.
Figure C: SSN socre as a function of PC1.Lang score, Figure D: PTAEHF as a function
of PC3.Lang score.

4.4.7 Exploratory predictors

In the following section we examined the association of potential predictors with

performance in both the APD and TD group. Nevertheless, it is important to

emphasise that this is an exploratory examination across a small sample size and

thus the outcomes may not be generalised in a larger sample.

Predictors were selected based on the caregivers response in the background

questionnaire, where the APD children were subdivided into the following pair of
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groups: 1. APD diagnosis (APD vs. LiD), 2. SPD diagnosis (SPD vs. non-SPD),

3. Regular use of FM-device (FM vs. No FM), 4. History of middle ear problem

(MEHx vs. No MEHx)7, 5. Pressure equalisation tube history (PET vs. No PET),

and 6. Auditory training (Training vs. No training).

The listeners performance subdivided by predictors is shown in Figure 4.33 for

data measured with the ST task (PC1.ST), the language composite (PC1.Lang),

SRM, and thresholds for standard audiometry (PTA) and EHF audiometry (EHF

PTA). Individual observations are marked in circles, whereby observations of children

diagnosed with APD are filled in red, LiD observations are filled in orange, and TD

observations are filled in blue. Di�erences between groups were statistically tested

using independent t-tests (significance level – = 0.05) and are shown in Table 4.29.

Both PET and MEHx emerge as the best predictors, explaining the largest portion

of the within-group di�erences. A history of PET showed the highest association

with poorer EHF PTA thresholds, and to a relatively smaller extent with PC1.ST

(higher score indicates poorer performance) and with the SRM score (higher score

indicates better performance). Consequently, it is not surprising that a related

predictor – history of middle ear problem (MEHx) was also highly related to poorer

EHF PTA thresholds. Nevertheless, the association between MEHx and the other

measures was weak. Interestingly, there was no association between SRM score and

a diagnosis of SPD, with only a small di�erence between APD children with or

without an SPD diagnosis. However, this may have been due to the small sample

size of the present study or because of sampling bias, as a diagnosis with SPD was

not a recruitment criteria.

7The MEHx composite was calculated based on the parental reports on the child’s history of
(1) ear infection and/or (2) glue ear in the background questionnaire. MEHx is ‘1’ if response was
‘Yes’ to at least one of these questions, whereas MEHx is ‘0’ if the parent response was ‘No’ for
both these items.
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Figure 4.33: Association between predictors and performance in the APD group for the
switching task composite (PC1.ST), language composite (PC1.Lang), SRM, standard and
EHF PTA. Predictors included: 1. APD diagnosis (APD vs. LiD), 2. SPD diagnosis
(SPD vs. non-SPD), 3. Regular use of FM-device (FM vs. No FM), 4. History of middle
ear problem (MEHx vs. No MEHx), 5. Pressure equalisation tube history (PET vs. No
PET), and 6. Auditory training (Training vs. No training). Individual observations are
marked in circles. Observations of children diagnosed with APD are filled in red, and LiD
observations are filled in orange TD group observations are filled in dark blue. Significant
p-values for independent t-tests paired-comparisons are marked with asterisk (p < 0.05).
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4. Association between specific higher-level cognitive and auditory processing aspects

with APD in children

Table 4.29: Exploratory predictors: independent samples t-test comparisons.

predictor group contrast M1 SD1 M2 SD2 estimate DF t-value 95% ≠ CI p-value
PC1.ST APD APD - LiD 0.90 1.83 1.59 2.40 -0.68 5.64 -0.58 -3.6 - 2.23 0.58

PC1.ST APD FM - No FM 0.90 1.92 1.29 2.07 -0.39 16.62 -0.44 -2.29 - 1.51 0.67

PC1.ST APD MEHx - No MEHx 0.99 2.21 1.23 1.46 -0.24 17.01 -0.29 -1.98 - 1.5 0.77

PC1.ST APD PET - No PET 1.95 3.06 0.78 1.44 1.17 4.61 0.82 -2.57 - 4.9 0.45

PC1.ST APD SPD - Non-SPD 0.71 1.64 1.38 2.19 -0.67 17.90 -0.78 -2.47 - 1.13 0.44

PC1.ST TD MEHx - No MEHx -0.11 1.89 -1.23 1.83 1.11 8.57 1.25 -0.91 - 3.14 0.24

PC1.Lang APD APD - LiD -2.86 1.41 -4.01 1.34 1.14 7.23 1.63 -0.5 - 2.79 0.14

PC1.Lang APD FM - No FM -3.45 1.52 -2.78 1.35 -0.66 17.86 -1.03 -2.01 - 0.69 0.32

PC1.Lang APD MEHx - No MEHx -2.95 1.68 -3.52 0.86 0.57 17.99 1.01 -0.62 - 1.77 0.33

PC1.Lang APD PET - No PET -3.31 1.54 -3.09 1.47 -0.21 6.65 -0.27 -2.09 - 1.66 0.79

PC1.Lang APD SPD - Non-SPD -2.95 1.81 -3.31 1.14 0.36 12.96 0.52 -1.14 - 1.86 0.61

PC1.Lang TD MEHx - No MEHx 3.06 1.04 2.79 2.10 0.27 17.98 0.41 -1.14 - 1.69 0.69

SRM (Training) APD SPD - Non-SPD -0.02 2.07 1.24 2.00 -1.26 4.55 -0.81 -5.36 - 2.84 0.46

SRM (No training) APD SPD - Non-SPD -1.00 4.22 -1.05 1.48 0.05 3.37 0.02 -6.44 - 6.55 0.98

SRM APD FM - No FM -0.76 2.58 -0.13 2.26 -0.63 16.99 -0.56 -2.97 - 1.72 0.58

SRM APD PET - No PET -0.62 1.24 -0.41 2.72 -0.21 15.48 -0.23 -2.16 - 1.74 0.82

SRM APD SPD - Non-SPD -0.51 3.12 -0.43 1.86 -0.08 10.61 -0.06 -2.82 - 2.66 0.95

SRM APD Training - No training 0.52 1.98 -1.04 2.50 1.56 15.18 1.50 -0.65 - 3.77 0.15

MEHx APD MEHx - No MEHx -0.68 2.47 -0.08 0.34 -0.60 13.12 -0.53 -3.08 - 1.87 0.61

MEHx TD MEHx - No MEHx -0.08 2.38 -0.16 1.34 0.08 20.19 0.23 -0.65 - 0.82 0.82

Standard PTA APD MEHx - No MEHx 5.14 2.53 5.71 3.74 -0.57 9.04 -0.36 -4.14 - 3 0.73

Standard PTA APD PET - No PET 5.38 2.49 5.33 3.13 0.04 8.67 0.03 -3.08 - 3.17 0.98

Standard PTA TD MEHx - No MEHx 4.06 2.33 3.44 3.09 0.62 11.71 0.51 -2.02 - 3.26 0.62

EHF PTA APD MEHx - No MEHx 14.58 8.78 6.43 5.56 8.15 16.78 2.48 1.2 - 15.11 0.02
EHF PTA APD PET - No PET 21.50 9.62 8.04 4.72 13.46 4.71 3.00 1.72 - 25.21 0.03
EHF PTA TD MEHx - No MEHx 14.00 12.57 8.68 7.81 5.32 4.94 0.90 -9.98 - 20.63 0.41

M and SD: denotes average score and standard deviation for contrast 1 and 2.
significant p-values (p < 0.05) are shown in bold.
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5
General discussion

5.1 Final conclusions

The switching task has not been used much previously and many basic aspects of the

task have not yet been investigated. Chapters 2 and 3 provided valuable information

regarding the influence of several potentially critical factors on performance in the

task. The outcomes in Chapter 2 supported previous work, showing that only

speech distractors exerted a measurable IM, resulting in increased SRdTs, whereas

the nonspeech distractors resulted in negligible IM regardless of the degree of

target-distractor similarity. Furthermore, performance for speech distractors spoken

by the same-sex talker was significantly poorer than for distractors spoken by a

talker from the opposite-sex. A separate experiment investigated the possibility

that this highly-specific e�ect of speech distractors arise from semantic and linguis-

tic information by comparing performance for familiar (English) and unfamiliar

(Mandarin) speech distractors. However, the outcomes disproved this hypothesis,

wherein the listeners displayed about equal performance for the English & Mandarin

distractors. Surmising that the glimpsed speech information is first extracted and

encoded before attention is triggered, it is tenable that this IM can be ascribed

to phonological information conveyed by the speech distractors. The findings of

Chapter 3 confirmed the importance of using both ears for the ability to reconstruct
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5. General discussion

short-term auditory information in the switching task (i.e., ‘binaural advantage’),

and verified the use of the simplified ST-CCRM version. Although these studies were

based on adult listeners, the overall findings seem to apply also to children tested

in the fourth chapter and aided in the selection of the test parameters and conditions.

Taken together, the findings in the present study did not support the idea

that a single auditory processing aspect is responsible for the children’s listening

di�culties. The majority of the APD children presented some kind of spatial and/or

binaural listening di�culties: 80% (16/20) of the APD children displayed abnormal

performance in at least two conditions in either the ST or the LiSNS-UK task. The

large within-group di�erences in performance suggests that these di�culties may

arise from more general deficits rather than a specific auditory function. Bearing in

mind the small sample-size and the small number of observations in each condition,

it is possible that with a higher statistical power, some of the conditions which

seemed to be more sensitive in separating between the groups could have reached

significance. Therefore, further research work with a larger sample-size and more

repetitions in specific test conditions is needed to better understand their association

with the children’s deficits.

The children’s ST performance, while shifted towards higher SRdTs due to a

developmental trend, corroborated our expectations based on the adult studies in

Chapters 2 and 3, where NH adults showed a highly specific IM for speech distractors.

This highly specific e�ect for speech distractors is consistent with the IM literature

for top-down attention-related interference due to similarities or uncertainty (e.g.,

Brungart & Iyer, 2012; Brungart & Simpson, 2007; Shinn-Cunningham, 2008).

The ST performance significantly correlated with the language measures when

considering both groups together. However, the correlation was non-significant

when considering each group separately, thereby suggesting that on a group level

the ST task does not seem to relate to language skills.

217



5.2. Limitations and future directions

As for the newly developed LiSNS-UK task, the control group performance

was similar to the reports in the literature (e.g., Cameron & Dillon, 2007a). On

the other hand, although 26% of the APD group had abnormal SRM, di�erences

in SRM between the APD and TD group or between APD children with and

without SPD diagnosis were insignificant. As seen in the ST task, the SRM benefit

in the APD group varied widely, where about half the children had poor SRM,

while the other half had performance above the average. A similar trend was

seen for the children’s peripheral hearing, where although overall the APD group

seemed to have slightly poorer detection thresholds, di�erences between the two

groups were not significant in both standard- and extended-high frequencies. This

seems to imply that peripheral deficits at EHFs may not be a primary cause of APD.

While the within-subjects di�erences in performance for the APD group were

high across the test conditions in the listening tasks, all the APD children had poor

listening and communication skills (ECLiPS total score). Furthermore, 90% of the

APD children displayed poor language skills (CCC-2 GCC), thus suggesting that

language and communication skills deficits play an important role in APD. However,

at the same time, most of the APD children had within-the-norm expressive language

skills (CELF-RS). This discrepancy between the language measures may suggests

that APD does not a�ect learning skills of language (as which was found normal by

the CELF-RS), but may a�ect the way they can use these skills in di�cult listening

conditions (as assessed by the CCC-2 and ECLiPS).

5.2 Limitations and future directions

A limitation of this study is that the numbers of APD and control children were

relatively small. Furthermore, because of the limited testing time, which was

restricted to a single session, each subject was only tested once in each condition, thus
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resulting in a relatively small number of observations. In light of the small sample-

size, it is possible that with a higher statistical power, some of the conditions which

seemed to be more sensitive in separating between the groups and the interaction

between conditions and speech material could have reached significance. It is

important to note that the number of participants was intended to be larger. However

due to the COVID-19 pandemic, testing had to be discontinued. Furthermore, due

to the novelty of the test and given that it had never been tested in children, the

ST task included a large number of test conditions. Future studies should ideally

investigate only a small number of these conditions (e.g., switching in quiet, and

with AMSSN and speech distractors) and include more repetitions of each condition.

Moreover, because of the small sample-size and the wide range of areas and

possible responses covered by the background questionnaire, a quantitative analysis

of the complete dataset was not possible, and would have resulted in underpowered

statistical models. Therefore, instead, an exploratory approach was taken, whereby

only selected predictors which appeared to have the strongest association with

performance were discussed. These predictors were chosen following a visual and

statistical inspection of the complete dataset. Therefore, future studies should

conduct a more exhaustive investigation of such database across a larger sample-size.

One way to overcome recruitment di�culties and to increase the sample-size would

be to conduct a retrospective study, using medical records collected during an APD

assessment.

As in many studies, the issue of statistical power is an important one to consider.

The power of a statistical test is defined as the probability to reject the null

hypothesis, given that the null hypothesis is false (Faul et al., 2007; Field et al.,

2012b; Green & MacLeod, 2016). Simply put, assuming that the e�ect genuinely

exists in the population, the power of the test determines the probability of that

e�ect to be statistically significant. One way of improving the power of a statistical

model is to reduce the probability of committing a type II error (—), i.e., not finding
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an e�ect when it actually exists. Thereby, the statistical power is thus defined as

1 ≠ —. The probability of failing to detect an existing e�ect (—) is conventionally

set to 0.2, hence corresponding to a power level of 0.8 or 80% (Field et al., 2012b).

Although this may not always hold, a power of 80% is considered su�cient in

psychology (Brysbaert & Stevens, 2018; Field et al., 2012b; Green & MacLeod,

2016), setting a trade-o� between higher certainty and the costs of increasing the

power. This can be achieved by having a larger sample size (Faul et al., 2007; Green

& MacLeod, 2016). An underpowered statistical model can result in failure to

detect genuine di�erences, thus leading to false interpretation (Field et al., 2012b;

Green & MacLeod, 2016). Therefore, there is no doubt that power calculation and

consequently an adequate sample size can improve reproducibility and should be

considered by more researchers. In 1962, Jacob Cohen (Cohen, 1962) published a

survey paper investigating the statistical power of various psychology studies. His

work raised the widespread concern of reproducibility and underpowered research

studies, highlighting the importance of conducting power calculation and ensuring

a su�cient sample size to answer the study hypothesis.

There are di�erent methods to perform a power analysis. An ‘a priori’ method

can be used to calculate in advance the sample size one should use in order to detect

a specific e�ect. Assuming that the e�ect size in the population is already known

through past research, and given that both the significance level (–) and the power

level (—) are pre-specified, we can calculate in advance the required sample size to

reach a given level of power (Faul et al., 2007; Field et al., 2012b). Alternatively,

‘post-hoc’ power analysis can be used once a study has been conducted as a means

to verify that the study sample size was su�cient (see a short report about post-hoc

power analysis by O’Keefe, 2007). Another type of post-hoc power analysis is a

‘retrospective’ or ‘observed’ power analysis, which can be used when the power level

of the test could not be calculated a priori (e.g., when the population e�ect size of

a similar experiment(s) is unknown). Instead, observed power analysis is based on

the estimated e�ect size from the study sample, assuming it is the same as in the
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population. For example, the observed power of a non-significant e�ect can be then

calculated using the experiment sample size, e�ect size, the – and — levels (e.g.,

0.05 and 0.8, respectively). Throughout the years, various analytical solutions have

been proposed to calculate the power of various test types. One such widely used

program is G*Power (Faul et al., 2007). Although this is deviating from the main

thrust of this thesis, it should be at least recognised that there is a lively ongoing

debate regarding the usefulness of such techniques; critics of the observed power

approach argue that since the e�ect is insignificant, this already implies that the

observed statistical power is low.

In the last decade, new techniques have been developed, enabling researchers

to perform power calculations for more advanced statistical techniques. One such

example is the simr R package which is based on Monte Carlo simulations and

supports various LMEM models with di�erent fixed and random e�ects (Green &

MacLeod, 2016). Using the package, one can determine whether the experiment

had an adequate power to detect a specific e�ect/interaction term for a lmer()

model. Based on the provided model, new values for the response variable are then

simulated and the model is then refitted using the simulated response. Finally, a

test is performed to determine whether the inclusion of the e�ect/interaction term

provided a better fit than a model without the term using likelihood ratio test

(cf. Tierney et al., 2018, for an example of this use). While this technique seems

promising and relatively simple to implement, the data in the present thesis imposes

several challenges which require prudent consideration for each of the statistical

tests that were used throughout the di�erent experiments and which are out of the

scope of the present work.

Since the present thesis took an exploratory research approach, in most cases

we did not necessarily have a hypothesis, thus, making it di�cult to specify what it

was that we expected to detect. Consider for example, the simple case of a 2 x 3

LMEM model for the LiSNS-UK z-score data with Group and Condition as fixed
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e�ects (see Table 4.20). In this case, one might predict that the di�erences between

the groups would depend upon the masking condition. A saturated model with an

interaction term found no significant interaction, and therefore a simpler model

with only main e�ects was used. Nevertheless, in contradiction to any hypothesis

we had, based on a visual inspection (Figure 4.17), there seems to be a larger group

di�erence for the SSN condition, than for the other conditions (S0N0/S0N90). This

suggests the possibility of a Group x Condition interaction. Using the simr package

(sample-size = 42, – = 0.05, number of simulations = 1000), we can show that the

power for predicting this e�ect is very low (21%, 95% ≠ CI = 19% ≠ 24%). But, if

we fit a model with and without the interaction term, di�erences in the predictions

across the two models (looking only for main e�ects) appears to be relatively

small: the highest di�erence in estimate was 0.26. Since the data was normed

across the TD group to control for the age e�ect and outliers using standardised

residuals z-scores, the units of the analysis can be considered in Cohen’s d, whereby

a Cohen’s d of 0.3 is typically considered to indicate a small e�ect size. This raises

the di�culty of defining what e�ect size we want to be able to detect. Di�erences

may be statistically significant, yet these may be relatively small and negligible

in practical terms. Even in this “simple” case, it is not clear how to determine

the expected di�erence and what the pattern would be for the di�erent conditions

in terms of the estimate. This also raises the issue concerning situations where a

factor has more than two levels and which displays various trends in terms of group

di�erences. In such a case (which is the case in research studies more often than

not), interpretation of the term can be di�cult.

It would be highly valuable to determine the power of the model predictions,

particularly in situations where we did not get the results we expected based on our

hypothesis; like in the ST model for the z-scores data (Table 4.12) where we found

no significant Group x Material x Condition interaction. However, we are not in a

position to be able to calculate the power since this model used a nonparametric

method and to our knowledge, there are no direct ways to do this for nonparametric
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models. Simulation of the data using simr package for an LMEM model and a

comparison with a model without the interaction term (sample-size = 43, – = 0.05,

number of simulations = 1000) revealed a power of 60% to detect a significant

interaction (95%≠CI = 56%≠63%). Nevertheless, due to the issues discussed here,

this power value is di�cult to interpret and may not assist in better understanding

the extent to which di�erences between the two groups were modulated by the

speech material and the test condition.

Unfortunately, as discussed earlier, several issues prevented us from obtaining a

larger sample size in the final APD study. This includes the early termination of

the testing due to the outbreak of the COVID-19 pandemic, as well as di�culties

in recruiting children to particpate in the study at the lab with an accompanying

adult. Recruiting children diagnosed with APD was particularly challenging due to

the small pool of children out of the general population, and the geographical issues

encountered with the APD children being located thrughout the UK. Nevertheless, a

sample size of approximately twenty participants in each group, which we were able

to obtain, is a common group size in the field. In view of the discussion concerning

statistical power, this is something worth looking into more closely in the future.

In principle, future studies should include larger sample sizes and could use the

e�ect sizes obtained in the present thesis as an approximate gauge to determine the

minimal number of participants needed.

Age is often reported as a strong predictor for performance in similar behavioural

studies. Despite our best e�ort to match the age of the children across the two

groups, unfortunately this was not achieved in it’s entirety. Di�erences in the age

distribution between the TD and APD group were significant, whereby the APD

group were on average 1.5 years older than children in the TD groups. Two possible

reasons to this includes the lengthy process of APD assessment which often requires

multiple assessments by various professionals prior to being given a referral, as

well as the minimum age requirement for an APD assessment which is currently 7
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years old. Secondly, parents of children who were recently diagnosed were likely less

inclined to participate in a research study until an intervention plan had been put

in place at the child’s school. Since this between-group age di�erence can interfere

with the interpretation of our results, the analysis of the data was performed using

age-standardised scores when available or using age-independent scores. Therefore,

a larger sample with more balanced representation of children across the age span

in both groups would be favourable. Furthermore, inclusion of older children will

help to get a fuller picture of the developmental trends in the di�erent tasks and

test conditions.

Another limiting factor of this study which is often reported in other APD

studies was the di�culties in recruitment of APD children. The initial aim was

to take a conservative stance on inclusion criteria by including only those who

met a clinical APD diagnosis criteria. By recruiting mostly from children from

GOSH we were able to control the instruments and criteria used by the clinicians

to evaluate APD. But, this strength can be also considered as a weakness, as

it was not a representative ecological sample and the number of children was

generally small. Moreover, being aware of the high prevalence of APD children

with additional co-occurring developmental disorders, we strived to recruit children

who displayed a “pure” form of APD without reported diagnosis or concerns for

additional developmental disorder/s. However, very few APD children met these

strict criteria, thus resulting in a very heterogeneous group of children with a wide

range of secondary developmental disorders. This may have limited the e�ect size

due to the possible spread in performance within the APD group.

The limited testing duration and the large battery meant that the number of

additional measures assessing relevant cognitive abilities were limited not only in

numbers but also in their testing time. Consequently, it was decided to use more

indirect screening tools. Therefore, future studies should attempt to include more
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direct measures of general intelligence, language, skills, attention, and/or executive

functions in order to better understand their relationship with the auditory tasks.

With regards to the experimental design, given the large deficits in language

skills found in the APD group when compared with the TD group, the inclusion

of an additional group of children diagnosed with DLD may have helped better

understand the involvement of such skills in the tasks. This is because unlike the

APD group, there are well documented reports on how such groups of children

should perform in language measures. This thesis developed two listening tasks that

seem to have real clinical potential, separating to some extent children with and

without APD. Preliminary norm values for these tests were established, and can be

readily used. However, due to limitations of the study-design, such as the inability to

include repetitions, sampling bias, and the small sample-size, more aspects of these

tasks are left to be investigated. Further investigations to methodically establish

age-based norms, evaluate the reproducibility of the outcome measures, and validate

the results with a larger clinical group would be beneficial.
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A.1 Normalisation study

The study was carried out as part of this project and was set up to normalise the

intelligibility of the ASL sentences, which were later used in both listening tasks

that were developed (ST & LiSNS-UK), across primary-school children. Although

this study was not part of the focus of this project, this step was imperative to

ensure a high accuracy and reproducibility of the output measure in children. This

is because both tasks are based on an adaptive procedure to estimate the listener’s

ability to adequately repeat the target words. While this procedure is known to be

a quick and e�cient method for clinical assessment, it requires speech material that

is balanced perceptually to enable accurate and reproducible results.

The norming procedure followed the similar steps as in Cameron and Dillon

(2007a) and Spyridakou et al. (2020). Briefly described, the intelligibility of the

240 ASL sentences was estimated across 49 typically-developing primary school

children (mean age: 9.1 ± 0.6 years, ranging from 8.1 to 10.4 years, 22 females).

All the children were native British English speakers from Year 4 and Year 5 from

two di�erent schools in Kent, UK, and were tested for having normal hearing. The

sentences were then normed by matching their intelligibility by adjusting their
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presentation level using sentence-specific correction factors. Subsequently, the

sentences that were most similar in terms of intelligibility were selected, resulting

in 200 final normed sentences. These sentences were then divided into eight

phonetically-balanced test lists (25 sentences each) using a locally written script

provided by Professor Mark Huckvale. The ASL sentences were presented in

three unrelated connected speech maskers, comprising imaginary children stories

spoken by the same male talker used for the target sentences. The recordings

took place in an anechoic chamber at the department of Speech, Hearing and

Phonetic Sciences, University College London.
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A.2 ST – SRdTs
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Figure A.2: Switching task: CCRM speech material - correlations for listeners SRdTs
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Figure A.3: Switching task: ASL speech material - correlations for listeners z-scores.
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Figure A.4: Switching task: CCRM speech material - correlations for listeners z-scores.
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Figure A.6: LiSNS-UK: Correlations for listeners age-independent z-scores.
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Figure A.7: Association between predictors and performance in the two TD groups (TD,
TDAP Dsib) for the switching task composite (PC1.ST), language composite (PC1.Lang),
SRM (z-score), CELF-RS scaled, ECLiPS Total, and CCC-2 GCC scaled scores, as well
as thresholds for standard and EHF PTA. Individual observations are marked in circles.
Significant p-values for independent t-tests paired-comparisons are marked with asterisk
(p < 0.05).
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Table A.1: TD group exploratory predictors: independent samples t-test comparisons.

predictor contrast M1 SD1 M2 SD2 estimate DF t-value 95% ≠ CI p-value
PC1.ST TD - TD_APDsib -1.12 1.59 -0.59 2.39 -0.52 10.41 -0.56 -2.6 - 1.56 0.59

PC1.Lang TD - TD_APDsib 2.87 1.16 2.84 2.79 0.03 8.41 0.03 -2.33 - 2.4 0.98

SRM TD - TD_APDsib -0.21 1.09 0.04 1.39 -0.25 11.93 -0.44 -1.5 - 1 0.67

CELF-RS TD - TD_APDsib 14.86 2.41 11.62 3.50 3.23 10.88 2.31 0.15 - 6.31 0.04
ECLiPS (Total) TD - TD_APDsib 9.21 2.52 11.25 3.45 -2.04 11.33 -1.46 -5.09 - 1.02 0.17

CCC-2 (GCC) TD - TD_APDsib 89.07 11.33 84.00 25.48 5.07 8.61 0.53 -16.58 - 26.72 0.61

Standard PTA TD - TD_APDsib 1.24 2.07 -1.05 4.22 -0.17 18.69 -0.14 -2.62 - 2.29 0.89

EHF PTA TD - TD_APDsib 11.54 11.11 7.19 4.52 4.35 17.19 1.25 -2.97 - 11.67 0.23

M and SD: denotes average score and standard deviation for contrast 1 and 2.
significant p-values (p < 0.05) are shown in bold.
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