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Abstract

The diagnosis of auditory processing disorder (APD) remains controversial.
Quantifying symptoms in individuals with APD by using validated
qguestionnaires may help better understand the disorder and inform

appropriate diagnostic evaluation.
Aims:

This study was aimed at characterising the symptoms in APD and correlating

them with the results of auditory processing (AP) tests.
Methods:

Phase 1: Normative data of a speech-in-babble test, to be used as part of
the APD test battery, were collected for 69 normal volunteers aged 20-57

years.

Phase 2: Sixty adult subjects with hearing difficulties and normal audiogram
and 38 healthy age-matched controls completed three validated
guestionnaires (Amsterdam Inventory for Auditory Disability; Speech, Spatial
and Qualities of Hearing Scale; hyperacusis questionnaire) and underwent
AP tests, including dichotic digits, frequency and duration pattern, gaps-in-
noise, speech-in-babble and suppression of otoacoustic emissions by
contralateral noise. The subjects were categorised into the clinical APD
group or clinical non- APD group depending on whether they met the
criterion of two failed tests. The questionnaire scores in the three groups

were compared.

Phase 3: The questionnaire scores were correlated with the APD test results

in 58/60 clinical subjects and 38 of the normal subjects.
Results:

Phase 1: Normative data for the speech-in-babble test afforded an upper cut-
off mean value of 4.4 dB for both ears.



Phase 2: Adults with APD presented with hearing difficulties in quiet and
noise; difficulties in localising, recognising and detecting sounds and
hyperacusis with significantly poorer scores compared to clinical non- APD

subjects and normal controls.

Phase 3: Weak to moderate correlations were noted among the scores of the
three questionnaires and the APD tests. Correlations were the strongest for
the gaps-in-noise, speech-in-babble, dichotic digit tests with all three

guestionnaires.
Conclusions:

The three validated questionnaires may help identify adults with normal

hearing who need referral for APD assessment.
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CHAPTER 1: INTRODUCTION

1.1 Auditory Processing Disorders - Definition and Challenges

The definition of auditory processing disorder (APD) remains challenging and
debatable for professionals. Although the term auditory perceptual disorder
was first used nearly 60 years ago in 1954 by Helmer Myklebust, the

definition continues to evolve.

Although recent advancements in sophisticated imaging modalities (e.g.
functional magnetic resonance imaging [fMRI]) have provided information
about the brain constitutes involved in auditory processes and the related
physiology (e.g. Millen et al., 1995; Salvi et al., 2002; Hwang et al., 2006;
Patterson and Johnsrude, 2008), there are still gaps in our understanding of
these processes. Although an increasing number of researches have been
published over the last few decades, there are no well-standardised tests to
validly diagnose APD (American Academy audiology [AAA], 2010; British
Society Audiology [BSA], 2011). Clinical tests currently in use have certain
limitations because they are markedly affected by linguistic and cognitive
factors (Loo et al., 2013) and because APD is a complex multimodal
condition that can coexist with other neurodevelopmental and sensory
disorders (BSA, 2011, AAA, 2010). Unsurprisingly, there are no screening
tools to help professionals identify individuals requiring an APD assessment
(Moore et al., 2013).

The Steering Committee of the BSA’s APD Special Interest Group in 2011
proposed that APD is caused by impaired neural function that leads to poor
perception of both speech and non-speech sounds and manifests as a
reduced ability to listen. Building on that definition and acknowledging that
non-speech auditory processing tests only weakly correlate with reported
listening behaviours and other communication indices, a white paper on APD
by the same group proposed that listening ability is underpinned by high-
level, cognitive and analytic processing rather than by low-level sensory
processing and that, therefore, the diagnosis of APD should be established

by carefully constructed listening questionnaires (Moore et al., 2013). Special
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interest groups in the United States of America (American Speech Hearing
Association [ASHA], 1996, 2005; AAA 2010) have published guidelines
about the diagnosis and management of APD in children and adults with
different approaches. Thus, the American Academy of Audiology, in their
most recent clinical practice guidelines published in 2010, highlights the
importance of using speech tests to diagnose APD, since difficulties in
listening to speech is a primary problem in these patients and processing for
speech signals is different from that of non-speech signals. Professionals
working within the audiology field have recently identified a subtype of APD
that can be conceptualised as a deficit in the processing of information that is
specific to the auditory system (Cameron and Dillon, 2011). Thus, in view of
the on-going debates about the construct of APD, professionals in the
audiology field use different diagnostic criteria for APD and a recent review
by Wilson and Arnott (2013) revealed 9 different diagnostic criteria with a
diagnostic yield of 7.3% up to 96% for APD.

Despite the current challenges in defining and diagnosing APD, the term is
now widely applied, and a specific entry in ICD 10 has also been made for
this diagnosis (H93.25). The need to explicitly define the diagnostic criteria
for APD (Wilson and Arnott, 2013) is, therefore, of paramount importance,
when considering the results of published APD studies as well as when a
clinical service is being set up. Nevertheless, the on-going debate about the
definition of APD and its diagnostic criteria reflects the evolution in both the
scientific understanding about auditory processing and the clinical
management of individuals suspected of having APD. Prior to the APD era,
researchers used various terms such as King (1954) Kopetsky (1948)
syndrome, obscure auditory dysfunction (OAD) (Saunders and Haggard,
1992) and auditory disability with normal hearing (AND) (King and Stephens,
1992), in order to classify listening difficulties (predominantly) for speech in
noise. These terms were used as umbrella terms and very limited
audiological tests, e.g. pure tone audiometry and occasionally speech
audiometry, were performed and little effort was made to characterise the
deficits underpinning the clinical presentation. Those terms could thus only

serve as presumptive diagnostic labels of uncertain diagnostic validity and
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soon became obsolete. Thus, it was recognised that patients with these
disorders may require further diagnostic assessment and appropriate

management (Kennedy et al., 2006).

1.2 APD Prevalence

Because of the lack of well-standardised tests to diagnose APD, the
prevalence of APD in children is not exactly known but is estimated at
around 7% (Musiek et al., 1990). APD, when present from a young age, can
be considered as a neurodevelopmental disorder (Moore et al., 2013). The
diagnosis of APD is a clinical challenge since it may frequently co-exist with
other neurodevelopmental disorders such as speech and language-related
disorders, dyslexia, attention deficit hyperactive disorder (ADHD) and autistic
spectrum disorders, and a multidisciplinary team of professionals is
necessary to diagnose and manage children with APD (Witton, 2010)

The prevalence of APD may be higher in children with learning difficulties,
and different studies propose that the prevalence varies from 30 % (King et
al., 2002) to 43.3% (lliadou et al., 2009). A study by Dawes et al. (2008)
showed that 9% of children who were diagnosed with APD in a tertiary

hospital in London had autism.

The prevalence of APD in adults is not known; however, it is thought to
increase with age, and earlier studies have estimated that approximately
10% (Saunders and Haggard, 1992) of the adults who attend ENT/Audiology
clinics and have normal hearing on pure-tone audiometry may complain of
hearing loss. A more recent study by Hind et al. (2011) found a lower
percentage of 0.9% (i.e. 43 adults with normal hearing in a total population of
4757 adult audiological referrals in the age range of 15 to 71 years).

Studies on the prevalence of APD in older adults indicate a prevalence of
23% (Cooper and Gates, 1991) to 50% (Jerger et al., 1989) in patients over
the age of 63 years. Notably, however, the presence of age-related
peripheral hearing loss in these older patients may contribute to their
auditory symptoms. Very few studies have addressed APD in younger adults

aged 18-60 years, with no structural brain abnormalities (e.g. Helfer and

19



Vargo, 2009; Neijenhuis et al., 2003). In contrast to children with APD, adults
do not have speech, language or reading difficulties, although the prevalence
of such problems may be underestimated. Even if there is a history of such
symptoms in childhood, adult patients would have adapted to their difficulties
and, therefore, their auditory symptoms are more consistent (Neijenhuis et
al., 2003). Overall, there is a paucity of published studies regarding

disordered auditory processing for this group of adults.
1.3 Categories of Auditory Processing Disorders

According to the BSA APD Special Interest Group (2011) Position Statement
on APD, APD can be classified into three categories (Table 1.1)

Table 1.1: APD categories
Taken from BSA, 2011

Developmental APD

Cases present in childhood and there are no other known aetiological or
potential risk factors. Some of these people may retain their APD into adulthood.

Acquired APD:

Cases associated with a known post-natal event (e.g. neurological trauma,
infection) that could plausibly explain the APD.

Secondary APD:

Cases where APD occurs in the presence, or as a result, of peripheral hearing
impairment. This includes transient hearing impairment such as otitis media with
effusion.

However, this classification may not be entirely complete. For example, the
presence of late-onset APD, attributed to age-related changes in auditory
processing that is broadly termed as “central presbyacusis” (Welsh et al.,
1985) is not included into this classification. In addition, these categories may
not be mutually exclusive, for example an adult who had “developmental”
APD and to some extent adapted to the presence of this disorder might also
suffer from an additional acquired brain insult impacting on his/her

presentation.

The following section will briefly summarise the functional anatomy of the

auditory system before proceeding with a discussion on APD in adulthood.
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1.4 Auditory Processing- Functional Anatomy

1.4.1 Auditory Pathway

The auditory pathway consists of peripheral (outer ear, middle ear, inner ear
and auditory nerve) and central (brain stem and cortex) components. When
the sound wave reaches the ear, it is converted via mechanical and
electrophysiological changes to neural responses in the brain (Yost W.A,,
2000) (Figure 1.1.)
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Figure 1.1: Cross section of human ear showing anatomical and functional
divisions of the ear.

Yost W.A. Fundamentals of hearing: an introduction, fourth edition, 2000

The basilar membrane of the cochlea is frequency specific, and this
tonotopicity continues into the central auditory system up to the cortex. The
central auditory pathways extend from the brain stem (medulla) to the
cerebral cortex. The auditory pathway consists of afferent and efferent neural
fibres. The cell bodies of the afferent auditory neurons are present in the
spiral ganglion. About 95% of the afferent auditory neurons carry information
from the cochlear inner hair cell and approximately 5%, from the outer hair
cells. (Santi and Manchini, 1998)
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The fibres of the auditory nerve terminate at the cochlear nucleus. From the
cochlear nuclei, the ascending fibres interact with each other (binaural
hearing) at the level of superior olivary complex (SOC); then, via the nuclei of
the lateral lemniscuses, they continue and reach the inferior colliculi and the
medial geniculate body and, finally, the cortex (Musiek and Oxholm, 2003).
(Figure 1.2)

Approximately 75% of the ascending central auditory nervous system
(CANS) fibres leaving the cochlear nucleus cross over to the contralateral
side of the brain to terminate at the SOC on the opposite side of the
brainstem or project to the lateral lemniscus. The remaining 25% of the fibres
follow the pathway on the ipsilateral side of the brainstem and terminate at

the SOC or the lateral lemniscus (Pickles and Comis, 1973).
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Figure 1.2: Central auditory pathway

From Michael D. Mann, The nervous system in action, Chapter 8 audition, 2005,
University Nebraska www. Michaeldmann.net

1.4.2 Auditory Cortex

The auditory cortex is considered to be the Heschl’s gyrus, which is located
on the upper surface of the temporal lobe in the Sylvian fissure (Musiek and

Oxholm, 2003). It is divided, according to the anatomical and physiological
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factors, into the primary auditory cortex and associated auditory regions
(Santi and Manchini, 1998). The primary auditory cortex (Brodmann areas
[BA] 41 and 42) is surrounded by specific auditory and associated
nonspecific areas and the Wernicke’s area (BA 22 and 52). There is an
asymmetry, with the left auditory area being larger than the right one.
(Shapleske et al., 1999; Musiek and Oxholm, 2003). The understanding of
speech is mostly dependent on the left lateralized cortical system (Scott and
Johnsrude, 2003; Patterson and Johnsrude, 2008) (Figure 1.3.).

Figure 1.3:Left lateralized cortical system

List of abbreviations :AF, arcuate fasciculus; AS, arcuate sulcus; CS, central sulcus; Extm
Cap, extreme capsule; 10S, inferior occipital sulcus; IPS, intraparietal sulcus; LF, lateral
fissure; LS, lunate sulcus; PS, principal sulcus; SLF, superior longitudinal fasciculus;
STG, superior temporal gyrus; STS, superior temporal sulcus; UnBd, uncinate bundle.
Taken from Patterson and Johnsrude, 2008, Adapted from Kaas et al. (1999) and
Hackett and Kaas (2004).

The tonotopic and binaural characteristics of the auditory system are
retained in the primary auditory cortex. The high frequencies are represented

rostrally and the low frequencies, caudally (Morel and Imig, 1987).

The associated auditory areas connect the primary cortex to the frontal,
temporal and parietal regions; vision areas and somaesthetic areas (Luxon,
1981). The central auditory pathways involve all ascending and descending
neuronal projections interconnecting the auditory nerve, brainstem, midbrain,

thalamus and cerebral cortex (Morel and Imig, 1987).
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A complex neural pathway involving the superior temporal gyrus (STG) and
medial temporal cortex, where acoustic information is relayed, may play an
important role in auditory (working) memory. These structures have multiple
connections directly and indirectly with the medial frontal cortex, insula,
medial pulvinar, thalamus and amygdala. Those anatomical connections
indicate multisensory involvement in auditory memory and also the role of

emotions in auditory long-term memory. (Munoz- Lopez et al., 2010).

The two cerebral hemispheres are connected by the corpus callosum. The
corpus callosum consists of myelinated fibres and increases in size until the
third decade. Behavioural, neuroimaging and histopathological data available
from studies on humans and primates indicate that the corpus callosum may
play a role in the functional specialisation of the brain (Bamiou et al., 2007).
The auditory regions of the corpus callosum show the highest growth during
the development of the auditory, speech and language skills, and the corpus
callosum grows to more than double its birth size at the age of 2 years
(Yakovlev and Lecours, 1967). Moreover, the corpus callosum is involved in
the temporal transformation of neural transmission either by integrating or
separating activity between neurons (Springer and Gazzaniga, 1975). Finally,
it has possibly a role for spatial hearing and hemisphere dominance (Aboitiz
et al.,, 2003). However, despite recent research, our understanding of the

anatomy and physiology of the central auditory system remains incomplete.

1.4.3 Efferent Auditory Pathway

Apart from the afferent auditory pathway there is the efferent auditory
pathway. The existence of efferent innervations to the mammalian cochlea
was first described by Rasmussen in 1946. There are two main tracts of
these efferent nerve fibers—the lateral and the medial (Warr, 1980). The
lateral tract originates from cells near the lateral superior olive and is mostly
composed of uncrossed, unmyelinated fibers that terminate in the inner hair
cells of the cochlea. The medial tract is composed of myelinated fibres that
originate in the area around the medial superior olive. Most fibres cross to
the opposite cochlea (inner ear) where they connect directly to the outer hair
cells (Musiek and Lamb, 1992) (Figure 1.4).
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Figure 1.4: Olivocochlear bundle system

From Robert Mannell, Auditory Physiology and Psychoacoustics, Department of
Linguistics, Macquarie University (www.zaenea.com)

There are several lines of evidence indicating that this pathway may be

closely involved in the auditory processing of speech in noise at low levels of

the auditory system, and since speech in noise difficulties are the hallmark

symptoms for APD (e.g., AAA 2010), the subsequent review will summarise

findings obtained in both animal and clinical human studies pertaining to

these issues.

The medial olivocochlear system (MOCS) also receives projections from the

central nervous system, mainly from the primary auditory cortex via the

medial geniculate nucleus, the inferior colliculus and the medial superior

olivary complex (Sprangler and Warr, 1991) (Figure 1. 5).
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From www. instruct.uwo.ca

Early physiological studies show that stimulation of the MOCS fibres results
in reduced neural response from the cochlea and cochlear nerve (Galambos,
1956).

Animal experimental studies elucidate the functional role of the MOCS in the
function of hearing in noise. Administration of atropine (a cholinergic blocker)
in the region of the olivocochlear bundle (OCB) has been reported to
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compromise the hearing in noise function in animals (Pickles and Comis,
1973), while other animal studies have established that the medial
olivocochlear bundle (MOCB) enhances the encoding of signals in noise
(Winslow and Sachs, 1988; Kawase and Liberman, 1993).

This mechanism may be related to the ability of the MOCB to trigger outer
hair cell expansion/contraction, thereby enhancing or reducing basilar
membrane activity. The MOCB (Guinan, 2006; Warr and Beck, 1996)
decreases gain of the cochlear amplifier and its effects are different in the

apical and basal turn of the cochlea.

This, in turn, may limit the cochlear nerve activity induced by unimportant
(noise) stimuli, thereby resulting in a larger dynamic range for the cochlear
nerve neurons response to other acoustical stimuli (Sahley et al.,, 1997).
Experiments show that when an animal is surrounded by noise and the
MOCB is triggered (by electrical stimulation or by noise on the contralateral
ear), a release of the cochlear nerve from noise is accomplished, facilitating

overall hearing in noise (Musiek and Oxholm, 2003).

The medial olivocochlear reflex (Winslow and Sachs, 1988) refers to the
stimulation of MOCB by sounds and the resultant cochlear changes. Noise
partially masks the auditory nerve responses by reducing the dynamic range
of auditory nerve responses. MOCS stimulation inhibits the response to
background noise; thus, restoring the dynamic range of auditory nerve
response (MOCS unmasking).

Nevertheless, although these results strongly support the role of the MOCB
in the discrimination of the intensity of tones in noise, this hypothesis cannot

be directly tested in vivo in humans.

A non-invasive and objective method of assessing MOCB function in humans
is by measuring contralateral acoustic suppression of outer hair cell
responses (e.g. otoacoustic emissions). This technique is based on the
finding that the amplitude of transient evoked otoacoustic emissions
(TEOAES) is reduced when a sound stimulus is presented to the opposite
ear (Collett et al., 1992).
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Human studies have thus proposed that the MOCB may enhance speech
intelligibility in the presence of background noise (Kumar and Vanaja, 2004;
Brown et al., 2010). In addition, the reduced function of the MOCB has been
found in patients with symptoms of hyperacusis after head injury (Ceranic et
al., 1998). There are but a few clinical studies assessing MOCB function and
its relationship with speech. Kumar and Vanaja (2004) investigated the effect
of contralateral acoustic stimuli on speech identification scores in the
presence of ipsilateral noise and correlated psychoacoustical and
physiological measures of function in 10 children with normal hearing and
good academic performance. They found that contralateral acoustic stimuli
enhanced the speech perception for ipsilateral signal-to-noise ratio (SNR)
between +10 and +15 dB. This enhancement had significant positive
correlation with the magnitude of the contralateral suppression of TEOAEs. A
significant drawback of that study was that they employed English language
speech test stimuli, but the children tested were not native speakers of
English and their knowledge of English was not assessed prior to the study.
Muchnik et al. (2004) evaluated MOCB function in 15 children (age, 8 to 13
years) who were diagnosed with APD and 15 gender- and age-matched
controls. The diagnosis of APD in that study was based on the presence of
behavioural symptoms and/or educational difficulties related to APD, in the
absence of a learning disability, and abnormal results in one or more of three
behavioural tests from an APD test battery. A significantly reduction was
noted in the suppressive effect of TEOAESs in the APD group compared to
the controls, indicating reduced MOCB activity in children with APD. Mukari
and Mamat (2008) compared the results of speech- in-noise test and
suppression of distortion product otoacoustic emissions in older and younger
adults; they found that although the older group had lower contralateral
suppression and poorer scores in the speech- in-noise test compared to the
younger, the two tests did not show any statistically significant correlation.
The differences between the results of the paediatric and adult studies may
reflect the maturational aspects of the auditory pathway and differences in
the linguistic and cognitive strategies employed for auditory closure in adults
and children. The discrepancies in the results may also be attributed to the

differences in the diagnostic criteria for APD. In order to critically assess the
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role of the efferent system in listening to speech in-noise, Messing et al.
(2009) and Brown et al. (2010) conducted studies on two IT auditory models
in humans. Both studies showed that MOCS enhances speech intelligibility in
the presence of noise. A limitation of those studies, however, was that only
pink noise was used as a masker, and the impact of other types of maskers
on the efferent pathway e.g. multi-talker babble was not studied. In addition,
a study by Gataloumb et al. (2009) showed that there was improvement in
the speech intelligibility in quiet. Since otoacoustic emissions have been
reliably used in humans to measure MOCS properties (Guinan, 2010) and
current evidence shows that the efferent system has an important role in
listening to speech in noise, suppression of otoacoustic emissions by
contralateral noise could provide a valuable and informative addition in the

APD diagnostic battery.
1.5 Symptoms and Behaviours of APD

Individuals with APD can present with a variety of symptoms. Difficulties in
hearing speech in demanding listening situations, such as in the presence of
background noise or when more than two speakers are present, are
prominent features of this clinical presentation (AAA, 2010). Additional
symptoms include problems with sound localisation, poor musical skills, poor
attention, poor memory and overall learning difficulties. An earlier report by
ASHA (1996) proposed that patients with APD can have deficits in the skills
and related behaviours (summarised in Table 1.2). While all the above
mentioned symptoms and deficits are summarised in the Guidelines for the
diagnosis, the treatment and management of children and adults with APD,
which was published by the AAA in 2010, the level of evidence for the

presence of these abnormalities in individuals with APD is currently low.
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Table 1.2: Auditory skills and behaviours involved in auditory processing
From ASHA, 1996

> Sound localization and lateralization
» Auditory discrimination

» Auditory pattern recognition, or ability to determine similarities
and differences in patterns of sounds

» Temporal aspects, or abilities to integrate a sequence of sounds
and perceive sounds as separate when they quickly follow one
another

» Auditory performance decrements, or ability to perceive speech
or other sound when another signal is present

» Auditory performance with degraded acoustic signals, or ability
to perceive a signal in which some of the information is missing.

1.6 Hearing Speech in Noise

The following sections will discuss the mechanisms responsible for hearing
(and understanding) speech and speech in noise, since they are reported to
be key areas of difficulties in APD (AAA, 2010).

1.6.1 Structure of Speech

Speech is a very complex sound, and the exact mechanism of how we hear
speech, especially in noisy environments, is not yet known. Speech has
phonetic properties (articulation) and acoustic properties (pitch, timbre and
timing) (Yost 2000). Pitch and timing are temporal functions that are not only
related to frequency resolution. Rosen (1992) reviewed the acoustic structure
of speech based on its temporal properties, i.e. envelope, periodicity and
fine-structure, and reported that the properties of temporal envelope include
loudness, timing, rise and fall. Periodicity is due to fluctuations of periodic
and aperiodic sounds and relates to speech excitation, pitch, melodic speech
and intonation. Fine structure relates to timbre and quality. Binaural hearing
allows us to not only detect the frequency composition of an incoming
speech sound but also locate the sound sources (Kandel et al., 2000). This is
a fundamental function since the energy in the sound waves is otherwise
small, and the frequency composition of most sounds is complicated. It is

thought that the left hemisphere is specialised for rapid temporal processing
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of speech and the right hemisphere, for spectral processing (pitch) (Zatorre
and Belin, 2001).

The ear has at least 3 tasks to perform when processing speech (Evans
1992): (a) to breakdown the complex speech sound into its individual
frequencies (the determinant pitch frequency of the speech helps in
distinguishing different speech sounds), (b) to enhance the spectral and
temporal contrasts of the individual frequency components, especially in
noise with poor signal-to-noise ratios and (c) to extract the behavioural
meaningful cues of speech by determining tonotopicity and temporal cues of

speech.

Similarly, further up the auditory pathway, fundamental aspects involved in
the processing of speech sounds include its characteristic frequency,
tonotopicity, non-linear suppression (when strong activity in one group of
neurons suppresses the activity of adjacent neurons) and phase locking

(timing) of neuronal activity (Moore et al., 2008).

1.6.2 Hearing Speech in Noise: Mechanisms

In order to hear speech in the presence of background noise, the same
acoustic properties (pitch, timbre and timing) are used. Timing is
fundamental; for example, stop consonants in the English language such as
‘b’ and‘d’ in the presence of noise can cause inability to differentiate speech
(Anderson and Krauss, 2011).

Top-down effects of the efferent system, as described in the previous
section, play an important role in hearing speech in noisy environments. The
efferent fibres are more in number than the afferent ones, and the role of the
former is to increase intensity, clarity and signal-to-noise ratio (Gao and
Suga, 2000; Luo et al., 2008).

While listening to speech in the presence of noise, one needs to detect the
component frequencies of the sound. For speech masked by, say, a single
other talker, the additional problem of allocation arises, i.e. ascribing the

detected components to the proper sound source. Finally, the problem is to
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recognise speech when only partial information is available (Cooke et al.,
2001). Speech comprises a rich and redundant source of information and
prior experience and knowledge helps individuals fill the gaps when they
hear speech masked in noise or distorted speech. This is based on the
theory that the acoustic properties of the speech are at the bottom of the
hierarchy and the linguistic and cognitive ones at the top, i.e. the top-down
schema-driven mechanisms proposed by Bregman (1990). Baddeley (1992)
similarly proposed a four-component model of working memory for speech
comprising attention, central executive, phonological loop and visual spatial
sketchpad, to which episodic buffer was recently added,. The phonological
loop component is very important for the acquisition of language. The
attention component appears to be important for auditory processing and
listening (e.g. Moore 2012). According to James (1890), attention involves
five types of cognitive behaviour: (1) perceive, (2) conceive, (3) distinguish,
(4) remember and (5) shorten the reaction time of perceiving and conceiving.
Attention involves multiple auditory pathways both bottom-up, with signals
from the hair cells, thalamus to the auditory cortex through the
thalamocortical pathways and top-down ones from the cortex back to the hair
cells through the corticothalamic pathways, which reinforce the signal stream
of interest and maximize expectation through feedback (Wood and Cowan,
1995).

It is well known that lip reading enhances hearing. Sumby and Pollack (1954)
showed that visual cues improve comprehension of hearing speech in noise
by a SNR of 15-dB. The McGurk (1976) effect illustrates that what we see
influences what we hear and that this is observed even in infants of 6 months
of age that have not yet developed speech skills. This audio-visual
processing also requires attention (Alsius et al., 2005).

In summary, listening to speech in noise requires complex and multimodal
processing, namely auditory, linguistic, cognitive and visual components, via
multiple brain interconnections that are not yet fully known are essential in

order to understand speech in noise.
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1.6.3 Auditory Pathways that are Involved with Hearing Speech in

Noise: Evidence from Imaging Studies

Recent developments in neuroimaging techniques (functional MRI [fMRI] and
positron-emission tomography [PET]) that correlate structural anatomy with
function have added to our knowledge about the neural brain activity during

speech processing.

Studies published thus far (Millen et al., 1995; Salvi et al., 2002; Sekiyama et
al., 2003; Patterson and Johnsrude, 2008; Wong et al., 2008; Okada et al.,
2010) confirm the activation of superior temporal sulcus (STS) and other
primary and associated areas and, therefore, the auditory element in speech

processing.

Millen et al. (1995) performed fMRI on 8 adults with normal hearing (age
range, 19-50 years) while the subjects listened to pure tones (1000 and
4000 Hz) and a text in English. Two of the participants were included in a
third experiment in which neural activation was studied with fMRI while they
listened to a text in Turkish language that was unfamiliar to them. In all those
conditions, a marked bilateral activation of STG but significantly more
prominently on the left side was noted in 7 of the 8 right-handed participants.
The single individual who was left-handed showed more prominent activation
on the right side. However, the sample size of this study was small. The
linguistic information did not involve speech in noise conditions, and the
authors did not mention the significance of noise interference generated by
the fMRI.

Most recent neuro-imaging studies employed speech in the presence of
maskers in order to investigate the brain neural systems that were activated.
Salvi et al. (2002) used positron-emission tomography (PET) to examine
cortical changes in 10 young adults (age range, 23-34 years) while the
participants were exposed to quiet, speech, noise, and speech in noise. The
noise was composed of 12-talker babbling. The results of the study, similar
to those of other studies, showed the activation of the superior and middle

temporal gyrus and pre-central gyrus. During the conditions of noise and
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speech in noise, additional activation of the medial frontal, cerebellar areas
and thalamus was noted. This indicates that listening in noisy environments
is a complex auditory task that requires recruitment of cognitive and attention
recourses that are not limited to what is traditionally conceived to be the
central auditory pathway, as evidenced by the cerebellar involvement. This
additional cognitive/attention resource recruitment is probably due to the

effect of energetic masking.

Sekiyama et al. (2003) conducted a prospectively fMRI and PET study of 8
and 10 young normal subjects, respectively. They were asked to identify
syllables presented auditorily (low and high speech intelligibility signal-to-
noise [SNR]), visually and audiovisually. Only during the auditory
presentation, bilateral activation of the STS was noted, as observed in similar
studies. In the fMRI (but not PET) study, the angular gyrus (BA 39) and
Broca area (BA 44 and BA 45) in the frontal cortex were also activated.
Similar activations were observed for the audiovisual condition. In the noise-
dominant audiovisual condition, additional findings were noted. The
activation of the left temporal lobe extended posteriorly and additional
activation was observed in the STG (BA 22, along with the STS) and the
lateral occipito-temporal gyrus (BA 37) in both the fMRI and PET
experiments. Hwang et al., in 2006, performed fMRIs in 12 healthy subjects
(age range, 21-31 years) while they listened to native speech (Chinese
language) and to speech in the presence of white noise (masking) binaurally.
When the research participants listened to speech, the areas mostly
activated were in the primary and secondary auditory cortices (BA 41 and BA
42) and in the bilateral superior and middle temporal gyri (BA 21 and BA 22).
There was also some activation of the inferior frontal gyri, the anterior pole of
the temporal lobe, lingual gyri and the cerebellum. When they listened to
white noise, the activation was bilateral and mostly clustered at Heschl’s
gyrus (BAs 41 and 42), the STG (BA 22), the cuneus (BAs 18, 23 and 30),
the posterior cingulate gyrus and precuneus (BA 31), but mainly on the right
side. When the subjects listened to speech and white noise, the left auditory-
associated cortices were activated more than those on the right side. A

drawback of this study was that the noise of the fMRI scanner was not
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subtracted from the analysis of the research findings and, therefore, may
have influenced the activation of the abovementioned areas. The participants
had the additional noise of the scanner even when they listened to speech;

therefore, it was not in quiet.

Zekveld et al., in 2006, assessed activation of brain areas by fMRI in 10
adults (age range, 20-26 years) while listening to speech on noise with a
varied intensity of speech but stable noise levels during the experiment.
Overall, they found activation of temporal cortices, left frontal cortex and
occipital cortices while the subjects listened to intelligible speech; increased
activation was mainly noted in the left temporal area. Another interesting
finding of this study is that while listening to unintelligible speech at very low
speech-to-noise ratio, there was activation of Broca area (BA44), which is
the area of internal speech representation and therefore the authors
concluded that this may have triggered a top down mechanism to facilitate

speech identification.

A further study by Wong P et al. in 2008, measured speech in quiet and in
noise behavioural performance concurrently with fMRI in 11 young adults
and the results showed involvement of the auditory cortex for both situations
in the middle STG gyrus bilaterally and the left posterior STG in
particular(Figure 1.6) A drawback of this study was that the research
participants were presented with a list of 20 words (1 word per trial) in quiet
and multi talker babbling and therefore the repetition of the words may have
resulted in memorising the word list. Their findings of greater activation of left
posterior STG with increase of noise differ from Hwang's et al. (2006)
findings who used sentences in quiet and noise and showed activation
bilaterally greater in speech in quiet but this may reflect differences in the
complexity of the tasks used by the two studies
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Figure 1.6: Brain activation revealed by the (a) Speech-to-noise ratio 20
vs. quiet, (b) Speech-to-noise ratio 5 vs. quiet and (c) Speech-to-noise ratio
vSs. quiet

Note left lateralised superior temporal gyrus (STG) activation as noise level is
increased.
From Wong et al., 2008

Obleser et al. (2008) showed that on manipulation of speech in its spectral
and temporal domains by using noise-band coding and simultaneously
measuring the brain function with fMRI, both domains would stimulate
different brain areas in a parallel way. The spectral domain would be
represented in the right STS and the temporal domain, in the left STS;

therefore, the right hemisphere would show more activity.

Uppenkamp et al. (2006), Wilson et al. (2004) and Salvi et al. (2002)
reported that in addition to the bilateral activation of the STS, there was also
minimal activation of the precentral/premotor regions in both the left and right
hemispheres. This activation was observed during the perception of vowels
(Uppenkamp et al., 2006) and during passive listening. Further research is
needed to determine why listening to speech activates motor speech
centres; nevertheless, a possible explanation may be that the acoustic-to-

speech transformation relies on the temporal lobe and pre-motor regions.

In a larger study by Okada et al. (2010), 20 right-handed native English
speakers between 18-47 years of age were asked to listen to 4 different
auditory stimuli: (a) clear speech sentences (intelligible), (b) noise-vocoded
speech (intelligible), (c) spectrally rotated speech (unintelligible) and (d)
rotated noise-vocoded speech (unintelligible). During these 4 conditions,
activation was largely noted in the lateral superior temporal cortex of both
hemispheres. Unlike previous studies, which report a predominant activation
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of the left anterior temporal area, Okada et al. noted robust bilateral
activation of the anterior STS/superior temporal gyrus (STG) as well as of the
posterior portions of the STS/STG. Additional smaller foci of activation were
found in the inferior temporal gyrus (right), fusiform gyrus (bilateral),
parahippocampal gyrus (left), inferior and middle frontal gyri (left) and
cerebellum (right). The failure of the previous studies to find bilateral
activation may be because those studies had smaller number of participants
(N = 7-11 subjects).

Another study by Davis et al. (2011) sought to examine the top-down
mechanisms in understanding sentences. fMRI was performed on 13 right-
handed native English speakers volunteers aged between 18 and 45 years
(mean age, 26 years) while they listened to coherent and anomalous spoken
sentences presented at six SNRs between -5 and 0 dB. A bilateral activation
of the temporal and frontal areas was noted. A novel contribution of this
study was that antero-lateral, postero-lateral and medial regions of the
temporal lobe displayed functional interactions between the sentence type
and speech clarity. The areas activated during active comprehension of the
degraded speech were the anterior temporal and inferior frontal regions.

A more recent study by Wild et al. (2012) tested 21 right-handed native
speakers of the English language who were undergraduate students
between the ages of 19 and 27 years (mean age, 21 years). To avoid the
interference of the scanner noise, the sparse imaging design was used with
the scanner turned off when the speech stimulus was presented. On every
trial, the research participants attended to one of three simultaneously
presented stimuli: a sentence (at one of four acoustic clarity levels), an
auditory distracter (narrow-band noise bursts) or a visual distracter. The
research participants were able to remember clear speech when they paid
attention or were distracted. Data from 19 participants were analysed (data
of two of the research participants were contaminated). Bilateral activation of
STS was observed and the level of activation (enhancement) was correlated
with intelligibility. When attention to speech was paid, the left inferior frontal

gyrus activity for degraded speech was greater than that for clear speech
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(i.,e. a noise-elevated response), which suggested that attention enhances

the processing of speech by engaging higher-order brain mechanisms.

(Table 1.3)

Table 1.3: Summary of studies regarding functional imaging for hearing
speech in noise

Authors Subjects Speech stimulus Brain areas activated
Number & Age
Millen etal., | 8 (21-50) Familiar and Superior temporal gyrus of
1995 unfamiliar speech both hemispheres
Left>Right, in unfamiliar
speech
Salvi et al., 10 (23-34y) Speech (sentences) in | Superior and middle temporal
2002 quiet and gyri of both hemispheres
multi-talker babble Premotor temporal regions of
noise both hemispheres
Cerebellum on both
hemispheres, thalamo-frontal
areas, in noise
Sekiyama et | 8(22—46 y) and 10 | Speech with and Auditory: Temporal gyri of
al., 2003 (20-46y) without visual cues both hemispheres and
premotor temporal region.
Visual: Additional occipital
areas
Uppekamp 9 adults Speech and non- Temporal gyrus of both
at al., 2006 (20-50y) speech hemispheres and
premotor temporal regions
Hwang et al., | 12 (21-31y) Speech (sentences) in | Superior temporal gyrus of
2006 quiet and in white both hemispheres
noise Left>Right in speech in noise.
Brain activation more
enhanced for speech in quiet
Zekveld et 10 (2026 y) Speech spectrum in Left temporal area, frontal and
al., 2006 noise occipital areas
Increase noise Unintelligible speech: Broca
area (speech centre) top-
down mechanism
Wong et al., 11 (20-34 y) Speech (words) in Temporal gyri of both
2008 quiet and in multi- hemispheres
talker babble Left superior temporal gyrus
increase of noise
Obleser et 16 (20-32y) Spectral and temporal | Spectral domain activation of
al., 2008 characteristics of right temporal gyrus;

speech

Temporal domain activation of
left temporal gyrus
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Okada et al., | 20(18-47y) a) Speech sentences Temporal gyri of both
2010 b) Noise-vocoded hemispheres;
speech (intelligible) ¢) | Activation of supratemporal
Rotated speech d) regions for conditions c and d
Rotated noise-
vocoded
(unintelligible) speech
Davis et al., 13 (18-45y) Coherent and Temporal and frontal areas of
2011 anomalous spoken both sides;
sentences presented Antero-lateral, postero-lateral
at six SNRs between - | and medial regions of the
5and 0 dB temporal lobe display
functional interactions
between sentence type and
speech clarity.
Areas activated during
effortful comprehension of
degraded speech were the
anterior temporal and inferior
frontal regions.
Wild et al., 21 (19-27y) Sentences, noise Superior temporal sulci of
2012 (narrow-band bursts) both hemispheres and the
and visual distracters level of activation
(enhancement) was
correlated with intelligibility.

There are several reasons for the slight discrepancies noted in the findings of
the above-mentioned neuroimaging studies. The studies differ with respect to
2006),
words(Wong et al., 2008), sentences (Millen et al., 1995; Salvi et al., 2002;
Sekiyama et al., 2003; Hwang et al., 2006;0kada et al., 2010, Wild et al.,
2012), intelligible speech (Hwang et al., 2006; Wong et al., 2008),
unintelligible speech (Zekveld et al., 2006; Okada et al., 2010; Davis et al.,
2011) and unfamiliar speech (Millen et al., 1995) .

speech stimuli used: non-speech sounds (Uppekamp et al.,

The studies also differed in the type of masking noise used: white noise
(Salvi et al., 2002; Hwang et al., 2006; Wild et al., 2012), multi-talker babble
(Wong et al., 2008; Okada et al., 2010) and competing sentences (Zekveld et
al., 2006). The majority of the published studies have a small number of
participants, and only more recent ones since 2009 have been more large
scale. The noise from the fMRI scanners is an additional acoustic stimulus,
and it is not clear whether or not the scanner was turned off during the

presentation of the stimulus for several of these studies.
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Despite the factors that may limit the interpretation of results, the above
studies show consistent activation of the temporal lobes by speech in noise,
but it is not clear if this is observed predominantly in one hemisphere or in
both. Activation of other cortical areas such as the frontal and parietal brain
areas was also noted, particularly when the task performed is more
challenging; this suggests that listening to speech in noise heavily relies on
the recruitment of cognitive resources; however, the areas recruited differ
across these studies. Further research is needed to resolve these
ambiguities and provide accurate information on the pathways involved and

mechanisms relied upon for listening to speech in noise.

1.6.4 Age-Related Factors that Affect Hearing Speech in Noise

A recent study by Hind et al. (2011) found that the majority of referrals for
subjects with hearing difficulties were either young children (mean age, 5.8
years; median age, 5.3 years) or older adults (mean age, 69.5 years; median
age, 72.3 years). It is not surprising that such referrals pertain to the upper
end of the age spectrum as well as the lower end. For the older adults in
particular, age-related complex changes affect the peripheral and central
auditory systems and also cause a decline of the sensory and cognitive
functions. A study by the National Research Council’'s Committee on Hearing
and Bioacoustics and Biomechanics (CHABA, 1988) showed that elderly
people complain significantly more regarding difficulties in hearing speech.
Older adults diagnosed with auditory processing disorders report more
handicaps than those without processing disorders (Jerger et al., 1990). A
study by Humes (2005) of 213 older adult hearing-aid users (age range, 60—
88 years) with bilateral symmetrical hearing loss found that their performance
on auditory processing tests was associated primarily with cognitive function
and age. Murphy et al. (2006), however, found that older adults with normal
hearing for their age (N = 36, mean age 69 years) had significantly greater
difficulties than younger ones in using auditory cues and following
conversations between two talkers; therefore, such difficulties were
presumed to be associated with auditory processing problems and not
cognitive ones. This study consisted of 4 experiments. During the first 3

experiments, the research participants listened to dialogues in a sound-
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attenuated room. The dialogues were presented in quiet, moderate babble
and high babble noise. In experiment 1, the dialogue and noise presentation
levels were the same for all participants, but in experiments 2 and 3, the
dialogue presentation and noise levels were adjusted according to the
hearing thresholds of each participant. The main findings were that older
research participants answered less questions correctly compared to the
younger ones. Therefore, the authors conducted a fourth experiment where
the spatial separation was removed by listening to speech in the presence of
multi-talker babble delivered by a central loudspeaker. Twelve older and 12
younger adults participated in experiment 4, and there were no statistical
differences in the responses between the two groups. Age-related
neurodegenerative changes affect the brain regions such as corpus callosum
(Jeeves and Moes, 1996) the right hemisphere more than the left (Brown and
Jaffe 1975). Such changes may also impact on processing of speech in later
life. In addition, cerebrovascular diseases that occur more frequently with
increasing age may also affect auditory processing, and there are several
studies on patients with stroke having disordered auditory processing (e.g.
Bamiou et al., 2006; Bamiou et al. 2012).

1.7 Justification for the Research Study

Individuals with APD present with hearing difficulties in the presence of a
normal audiogram. APD is classified under category H93.25 in ICD-10;
however, it remains a controversial diagnosis. There is no ‘gold standard’
test, and no consensus on the diagnostic criteria for APD, while there is a
wide range of diagnostic yield for the different diagnostic rules in use (Wilson
and Arnott, 2013). APDs are very heterogeneous and complex. They affect
both children and adults; however, the aetiology and comorbidities may well
vary in the adults compared to the paediatric population. There is currently a
debate among professionals regarding whether APD should be
conceptualised as true auditory sensory processing disorder or whether this
clinical presentation is related more closely to higher-order speech and
language processing or to cognitive and attention deficits and disorders, in

view of neuroimaging studies’ findings. There is a paucity of research studies
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in working-age adults to compare to the published studies in paediatric and
older adult populations. Comorbidities in younger adults and, therefore,
confounding factors that affect diagnosis of APD may be fewer; therefore,
studying this population may help better understand the clinical presentation
of APD and, to some extent, the evolution of APD during the life span. There
is also a pressing need for quantifying symptoms by using validated
questionnaires and also correlating these with APD tests, to help inform
diagnostic test choice but also conceptualisation of APD, as proposed both
by consensus papers (Moore et al., 2013) and field studies (Cameron and
Dillon, 2011). Such studies should be conducted on both individuals affected
with  APD and normal controls, since findings in clinical populations
compared to normal populations may differ. For example, Ahmmed et al.
(2014) found that general auditory processing was the first component that
accounted for test findings in a factor analysis of a clinical paediatric
population with suspected APD. On the other hand, a study in a normal
paediatric population found that the cognitive element was primarily
responsible for this presentation (Moore et al., 2010). In view of the wide
range of the diagnostic yield for the criteria used and in the absence of
widely accepted criteria (Wilson and Arnott 2013), it would be informative to
include in clinical studies individuals who are referred for APD assessment

but do not meet diagnostic criteria.

There is a need to assess the potential of existing questionnaires as
screening tools for APD, in view of the potentially high prevalence of hearing
difficulties in adults with normal audiograms (e.g. Kumar et al., 2007).Finally,
there is a need to correlate symptoms with auditory test results in order to
quantify the hearing difficulties and choose the appropriate management
strategies.
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CHAPTER 2: METHODOLOGY

2.1 Research Hypotheses

2.1.1 Primary Hypothesis

Adults with normal hearing who are diagnosed with an APD present
with  self-reported auditory symptoms scores on validated
guestionnaires that are significantly worse than adults who do not fulfil
the diagnostic criteria for APD and normal controls.

2.1.2 Secondary Hypotheses

Validated auditory questionnaires that provide a comprehensive
description of auditory symptoms will help distinguish between
individuals with APD and those without APD and can be reliably used
as screening tools for adults with APD who will require further
assessment.

Adult-reported symptoms will correlate with and can be quantified by
auditory processing tests from the APD test battery

A speech- in-babble (SIB) test will correlate with patient-reported

auditory symptoms.

2.2 Aims of Research Study

To collect normative data for an adaptive SIB test to use as part of a
diagnostic APD battery for adults

To assess symptom differences among adults with APD, normal
controls and participants with hearing difficulties but not meeting the
diagnostic criteria for APD (clinical non-APD) (AAA, 2010; BSA, 2011)
To assess the sensitivity and specificity of three validated auditory
guestionnaires as screening tools for APD in adults

To assess the correlation between self-reported auditory symptoms

(on questionnaires) and auditory processing tests
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2.3 Thesis Structure

This research project was divided in three separate studies (phases),
presented in Chapters 3 to 5, and more detailed descriptions of participants
and methods are given in each chapter. Chapter 3 (Phase 1) describes
normative data collection for the SIB test used in this study. Chapter 4
(Phase 2) describes the characterisation of participants with APD, as
reported by validated questionnaires and differences in questionnaire scores
between the participants with hearing difficulties (clinical APD and clinical
non-APD) and normal groups. Chapter 5 (Phase 3) describes the correlation
between the scores of the questionnaires with the results of the auditory
tests (Figure 2.1).
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Normal volunteers N = 69
Consent, PTA, SIB

Normal volunteers N = 38
Consent, PTA, SIB, APD tests
Questionnaires

Normal volunteers N = 30
Consent, PTA, SIB, APD tests,
Questionnaires

Phase 3: Correlation of hearing
difficulties with test results

Phase 1: Normative data for
speech-in-babble test (SIB)

Phase 2: Characterisation of
participants with hearing difficulties
based on validated auditory

guestionnaires

Adults who sought professional
advice for hearing difficulties but
had normal pure-tone
audiogram, N = 60
39/60 with clinical diagnosis of
APD

|

Adults who sought professional
advice for hearing difficulties but
had normal pure-tone audiogram

T N =58

39/58 with clinical diagnosis of
APD and with complete APD test
results

Figure 2.1: Flowchart of three studies of this research thesis
Phase 1: Collection of normative data for speech in babble test from 69 normal

volunteers.

Phase 2: Characterisation of participants with hearing difficulties based on validated
questionnaires. Thirty-eight of the 69 normal controls from Phase 1 of the study
participated in Phase 2 along with 60 participants with reported hearing difficulties.
Phase 3: Correlation of test results with questionnaire scores. Thirty of the 38 normal
controls from Phase 2 were enrolled in Phase 3, and 58 participants with hearing

difficulties from Phase 2 participated in Phase 3.
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2.4 Study Design

This is a prospective, normative study (Phase 1), and also a case—control
study (Phases 2 and 3).

2.4.1 Setting

Patients were recruited from the direct-access audiology clinic for adults less
than 60 years of age at Whittington Health, the ENT/Audiovestibular
Medicine clinics at Royal National Throat, Nose and Ear Hospital (RNTNE)
and the National Hospital for Neurology Neurosurgery (NHNN). Participants
were tested at the RNTNE and/or the NHNN.

2.4.2 Ethics

The research study was approved by the National Research Ethics
Committee of the National Hospital for Neurology and Neurosurgery (NHNN)
and Institute of Neurology on 06/08/2009. (Registration number 09/H0716/
46). The study was also approved by the Royal Free and UCLH NHS Trusts.

All recruited subjects provided their written informed consent.

2.4.3 Participants

Normal controls: recruited from among hospital staff, hospital visitors,
friends and relatives. The inclusion criteria were as follows:
(1) Age: 18-60 years
(2) English as first language
(3) Normal hearing <20dB in each audiometric frequency for 250-8000
Hz in both ears
(4) Normal function of the middle ear on both sides
(5) No history of psychiatric disease or cognitive impairment, as reported
by the volunteers themselves, during the initial medical interview

(6) No hearing complaint

In all, 69 normal controls were recruited in the normative data study of SIB
test (Phase 1, Chapter 3). Thirty-eight of the normal volunteers completed

the study questionnaires and participated as normal controls for the analysis
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of the questionnaires study (Phase 2, Chapter 4). Thirty of these 38 who had
undergone the battery of auditory processing tests also participated in the
study on the correlation of the questionnaire scores and results of auditory
tests (Phase 3, Chapter 5). The remaining 8 of the 38 normal controls had
not completed one test in the central auditory test battery and could not
attend another appointment for the completion of the tests; therefore, their

data were not included in the analysis of the Phase 3 study (Chapter 5).

Clinical subjects: consecutive patients with hearing/listening complaints
and normal audiograms, attending the Audiology clinics between September
2009 and September 2011 were invited to participate prospectively in the
study.

The inclusion criteria were as follows:
(1) Age: 18-60 years
(2) English as first language
(3) Normal hearing of <20 dB in each audiometric frequency for 250-8000
Hz in both ears
(4) Normal middle ear function on both sides
(5) No history of psychiatric disease or cognitive impairment, as reported
by the participants themselves, during the initial medical interview
(6) No active neurological disorder and no structural abnormality on brain
MRI.
Sixty adults who sought professional advice for hearing difficulties but had a
normal pure-tone audiogram were recruited in the Phase 2 study. Two of
those adults with reported hearing difficulties did not complete one test in the
battery of APD tests and could not attend another appointment for
completion of testing; therefore, their data were not included for the analysis
in the Phase 3 study (Chapter 5). The subjects were classified into those with
or without the clinical diagnosis of APD on the basis of the results of the

auditory processing tests for APD.
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2.5 APD Diagnostic Criteria Definitions

The diagnosis of APD was made on the basis of the abnormal results in at
least two behavioural central auditory tests at least in one ear, one of which
was a non-speech test or abnormal findings in one behavioural and one
electrophysiological central auditory test (ASHA 1996; AAA 2010; BSA,
2011).

2.6 Audiological Tests

2.6.1 Pure-Tone Audiometry

The test was performed according to the guidelines published by the BSA
(2011). Standard pure-tone audiometry was performed by using a GSI 61
audiometer with TDH -49 earphones in a sound-proof room. An ascending
technique of 5-dB steps and descending technique of 10-dB steps were used
to establish thresholds at 250, 500, 1000, 2000, 4000 and 8000 Hz. Normal
hearing thresholds were considered to be <20 dB across the above

frequency range.

2.6.2 Tympanometry

Tympanometry was performed with a 226-Hz probe signal maintained at 85-
dB SPL in the sealed ear canal by using a GSI-33 Middle Ear Analyzer (BSA,
1992). Normal results were considered if the middle ear pressure was 2150

mmH,0O and compliance was >0.3 cc.

2.6.3 Transient Evoked Otoacoustic Emissions (TEOAEs)

The test checks the cochlear outer hair-cell function (Kemp, 1978). Click
stimuli are delivered through a probe in the ear canal. The inner ear
responses to the click stimuli are recorded automatically. The repetition rate
is 50/s, and the peak reception level is approximately 80 dB SPL. The post-
stimulus recording time is 20 ms. The fast Fourier transform (FFT) spectrum
analysis and average waveform calculations were performed automatically

by the ILO 88/92 Otodynamic Analyser system. Normal response was
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considered the finding of overall TEOAES amplitude >12 dB or amplitude of
=6 dB in at least three adjacent frequency bands.

2.6.4 Speech -in- Babble Test

This test will be fully described in Chapter 3. Briefly, during this test, two
randomly selected word lists (out of eight in total) are presented to each ear
in multi-talker babble. Each word is delivered with 500 milliseconds of the
babble masker at the beginning and the end of the word itself. The SNR is
varied adaptively during the test, starting from +20 dB SNR and becoming
more difficult after each single correct response and easier after the first
incorrect response. A threshold value is thus calculated by the Matlab
software as the mean SNR of 70.7% correct performance criteria (2:1 rule)

from the final (six to eight) reversals (Spyridakou, et al., 2012).

2.6.5 Auditory Processing Tests

The remaining auditory processing tests were recorded on a compact disc.
The compact disc was played on a Sony XE 270 CD player and passed
through a GSI 61 diagnostic audiometer to TDH-50 matched earphones. The
stimuli were presented at 50-dB sensation level pure-tone audiometry to
each ear independently. The following central auditory processing tests were

conducted.

2.6.5.1 Gaps-in-Noise Test
The gaps-in-noise (GIN) test was developed by Musiek in 2005 as a clinical
tool for evaluating temporal resolution ability in a variety of clinical

populations, particularly on patients with central auditory disorders.

The test is composed of a series of 6-sec segments of broadband white
noise that contains 0 to 3 silent intervals (gaps in noise) of durations of 2, 3,
4,5, 6, 8, 10, 12, 15 and 20 msec (Musiek et al., 2005). The location, number
and duration of the gaps vary for each segment of white noise. In all, 60 gaps
are presented in each list (6 gaps per gap duration). The test has 4 lists. It is

a monaural test.
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The noise used in the test was a computer-generated white noise that was
uniformly distributed between -32,000 and 32,000 with a root mean square

value of 32,000/sqrt. The sampling rate was 44,100 Hz.

A normative data study (Samelli and Schochat, 2008) showed that the GIN
test guarantees a high degree of precision in the measurement of the gap-
detection thresholds. Moreover, the procedure demonstrated similar
responses between different lists and for both ears (regardless of which ear
was tested first). Samelli and Schochat (2008) concluded that for clinical use,
the test could be done by using only two test lists instead of four, which
reduces the administration time of the test by half (approximately 16
minutes). For the purposes of the present study, a different list was used for
each ear, and none of the lists was used twice for the same research
participant. This test provides two scores, i.e. the correct detection score
(percentage of correct answers) and the gap detection threshold, which is
defined as the shortest gap duration that the patient can identify in 50% of
the trials. The departmental normative data at RNTNE and NHNN are correct

responses of 50% or more at a minimum threshold of 6 msec.

2.6.5.2 Dichotic Digit Test

The test is a binaural central auditory test in which 2 pairs of digits are
presented to the subject in each ear at 50dB SPL, and the subject has to
repeat all 4 digits, not necessarily in the right order (Baran and Musiek,
2003). The digits used include the numbers 1 to 10, except 7.

Initially, the test was introduced in 1954 by Broadbent who described a
technique of presenting competing sets of digits simultaneously to the two

ears.

Kimura, in 1960s, performed the test in patients with temporal lobe lesions,
and she suggested that during dichotic listening, the weaker ipsilateral
pathways in the central auditory system tend to be suppressed. As a result of
this, the neural impulses travel via the stronger pathway to reach the

contralateral areas of the cerebrum.
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The dichotic digit test is a sensitive test for the lesions of the auditory areas
of the cortex and interhemispheric fibres. Musiek (1983) reported that the
dichotic digit test can also help detect pathologies of the brain stem. Normal

scores of this test are 90% or more for each ear.

2.6.5.3 The Frequency Pattern Test

This is one of the temporal pattern tests (Musiek and Pinheiro, 1987; Musiek
1994). The test items are sequences of three-tone bursts of the same
duration presented monaurally. In each of the sequences, two of the tone
bursts are of the same frequency, while the third one is of a different
frequency. There are thus two different frequencies used in this test: a high-
frequency (1.122 Hz) sound and a low-frequency (880 Hz) sound. The
patient, therefore, hears patterns and is asked to either hum or label the
pattern he is presented with, such as high-high-low or low-high-low. Normal

scores for this test are 80% or more for each ear.

2.6.5.4 The Duration Pattern Test

This test is also a temporal pattern test (Musiek, 1994). Each pattern
consists of three 1000-Hz tones of one of two durations, short (250
milliseconds) and long (500 milliseconds). That is, e.g. two short, one long or
one long, two short, in disparate patterns. The test is delivered monaurally,

and normative data are 70% or more in each ear.

2.6.5.5 Suppression of Transient Evoked Otoacoustic Emissions (TEOAEs) by
Contralateral Noise

The same ILO 88/92 Otodynamic Analyzer System used for the TEOAES test
was used for these tests (Ceranic et al., 1998). Presence of a normal
response on TEOAEs is a necessary pre-requirement for the test. During
suppression of TEOAES by contralateral noise, the TEOAE is recorded using
an evoking click or tone, both with and without suppressive noise, and the
difference in amplitude of the two responses is calculated (TEOAEguet —
TEOAE gise ).

A dual-channel otoacoustic emission analyser was used, with one channel

(A) for ipsilateral and the other (B) for contralateral acoustic stimulation. A
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linear click at intensity of 60 SPL was used for ipsilateral stimulation, and a
broad-band noise (0.50-6 kHz) at 40 dB sensation levels (SL) was used for
contralateral acoustic stimulation. The click intensity was lower than 75
dBSPL to avoid eliciting muscular contraction in the middle ear. A total of 600
sweeps were recorded, in 10 groups of 60 sweeps. The average responses
were directly computed, and the difference obtained by the subtraction
represented the suppression effect. When the suppression test shows
TEOAE reduction (subtraction of measurements of TEOAEs with and without
noise) with values of =21dB; then, the function of the medial olivocochlear

bundle is normal (Ceranic et al., 1998).
2.7 Questionnaires

Participants were provided three validated questionnaires. The detailed
descriptions of these and justification for their use are provided in Chapter 4.

i) The (Modified) Amsterdam Inventory for Auditory Disability by Meijer et al.
(2003) (Appendix 1). The questionnaire is based on the Amsterdam
Inventory for Auditory Disability and Handicap by Kramer et al. (1995). The
first version of this questionnaire consisted of 30 questions while the
modified version has 28 and assesses auditory disability in five key domains:
(1) speech intelligibility in noise (question numbers: 7, 24, 18, 1 and 13), (2)
speech intelligibility in quiet (question numbers: 14,19,11, 12 and 8), (3)
auditory localisation (question numbers: 15, 3, 26, 20 and 9), (4) recognition
of sound (4, 5, 6, 17, 22, 23, 25 and 28) and (5) detection of sound (question
numbers: 27,16, 21, 2 and 10). The response are graded as follows: ‘almost
never (0 points), ‘occasionally’ (1 point), ‘frequently’ (2 points), ‘almost
always’ (3 points), where ‘almost never indicates hearing difficulties and

‘almost always’ indicates no hearing difficulties.

i) The Speech, Spatial and Qualities of Hearing Scale (SSQ) by Gatehouse
and Noble (2004) (Appendix 2). The questionnaire was designed to measure
a range of auditory symptoms which may lead to difficulties in hearing with
background noise. The questionnaire consists of 3 sections pertaining to

speech hearing (questions 1-14), spatial hearing (questions 1-17) and
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sound hearing (questions 1-19). The scoring system uses the ruler
representation from 0 to 10, with O indicating complete inability and 10

indicating great ability.

iii) The Hyperacusis Questionnaire by Khalfa et al. (2001) (Appendix 3). The
guestionnaire is divided into 2 parts. The first part along with the individual’s
details includes 3 questions with regard to noise exposure and hearing
problems. The second part consists of 14 questions. The hyperacusis
guestionnaire covers 3 domains: attention (questions 1-4), social (questions

5-10) and emotional dimension (questions 11-14).

The response categories were as follows: ‘no’ (0 points), ‘yes a little’ (1

point), ‘yes quite a lot’ (2 points), and ‘yes a lot’ (3 points).
2.8 Overview of Methods

All the study participants were administered a battery of auditory tests and
guestionnaires, which were filled in after the audiogram but before any
further testing. Further details on the methodology of each study are

provided in the ensuing chapters.
2.9 Statistical Analysis

SPSS version 17 for used for the statistical analyses.
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CHAPTER 3: PHASE 1—SPEECH-IN-BABBLE TEST—
NORMATIVE DATA

3.1 Overview of Speech-in-Noise Tests

3.1.1 Why do we Need Speech-in-Noise Tests?

Understanding speech in noise is a major concern relevant to not only
patients with hearing loss but also those with normal hearing. The world is
noisy and people face demanding listening situations in their everyday life.
Speech intelligibility can be measured by speech-in-quiet audiometry;
however, this test does not correspond with problems experienced in the

presence of background noise.

The importance of speech- in- noise tests was highlighted in 1970 by Carhart
and Tillman who recommended that speech- in-noise tests should be part of
the standard audiological test battery. Over the years, several speech- in-
noise tests have been developed; however, they are not part of the routine
audiology test battery. According to Wilson et al. (2007), this is due to
several reasons: there were no commercially available speech- in-noise tests
involving the presentation of words instead of sentences until 2003;
audiologists have difficulties in scoring the speech-in-noise tests and
applying the scores to clinical practice and counselling; these tests are time
consuming; there is a lack of available information about speech- in-noise

tests.

Speech-in-noise tests should be included in the audiological assessment of
patients with hearing loss and also patients with normal hearing who
complain of listening difficulties in noisy environments (Wilson and McArdle,
2005). These tests may to some extent, but not entirely measure, the
reported complaints of speech difficulties in noisy environments (Spyridakou
et al., 2012). Since reported difficulties in hearing speech- in-noise are the
most common referral reason for an APD assessment (Hind et al., 2011) and
a common symptom in patients with APD (AAA, 2010), speech- in-noise
tests should be part of the APD behavioural test battery (ASHA, 2005; AAA,
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2010; BSA, 2011). Additionally, these tests can facilitate the assessment of
the overall integrity of the central auditory system, provide information to
guide the counselling of patients and can be used as an outcome measure

following auditory training and/or management of hearing loss.

3.1.2 Review of Speech-in-Noise Tests

There are a variety of speech-in-noise tests in English that are in use:
adaptive vs. fixed speech- in-noise; words vs. sentences; noise vs. multi-
talker babbling. Although the oldest speech- in-noise test, the Synthetic
Sentence ldentification-Ipsilateral Competing Message (SSI-ICM), developed
by Speaks and Jerger, dates back to 1965, there was a paucity of further
development of speech tests until 2003. Thereafter, several speech- in-
noise tests have become available for clinical use. Up to recently,
commercially available speech- in- noise tests used sentence-level materials
instead of words as the target stimuli. An overview of speech- in- noise tests

in English with a short test description is provided in Tables 3.1 and 3.2.

Table 3.1: List of speech-in-noise tests where sentences are used with
noise or multi-talker babble is used

Synthetic Sentence Identification-Ipsilateral Competing Message (SSI-ICM)
Speaks and Jerger, 1965; Jerger and Jerger,1975

Sentences (i.e.10 nonsense-like) are presented to the target ear with an ipsilateral,
competing, continuous discourse. The listener is required to mark the sentence heard
from a printed list of 10 sentences. This type of response minimises the potential
influence of language and memory, but requires that the participant be capable of
reading.

Paediatric Sentence ldentification-Ipsilateral Competing Message (PSI-ICM)
Jerger and Jerger ,1984

Adaptation of SSI-ICM for children 3-6 years, child points to a picture presenting the
stimulus word. The test can also be performed with competing discourse to the
contralateral ear (PSI-CCM)

Connected Sentence Test (CST)

Cox et al., 1987

Monaural speech in multi-talker babbling test, presented at a selected SNR rate.
Percentage of correctly identified sentences. The test was developed initially for
hearing aid users.
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Speech-in-Noise Test (SINT)
Fikret-Pasa, 1993

Lists of 5 sentences are presented at 4 SNRs and 2 levels. Total percentage score and
an SNR for 50% performance are measured at each level of presentation. Many
practitioners reported that the test is time consuming and scoring is very difficult;
additionally, not all lists are equivocal, and therefore, only a few can be used.

Hearing-in-noise test (HINT)
Nilsson et al.,1994

Measures speech threshold for sentences in quiet and in 3 different conditions of
speech-spectrum background noise (noise from the front, left and right). The threshold
corresponds to an SNR at 50% performance. The test has been used for a few APD
cases but mainly for users of hearing aids.

Bamford-Kowal-Bench- Speech in Noise test (BKB-SIN)
Niquette et al., 2003; Etymotic Research, 2005

Measures speech threshold for sentences in multi-talker babble at 3 selected SNRs.
The threshold responds to an SNR at 50% performance.

Listening in Spatialized Noise—Sentence (LISN-S)
Cameron and Dillon, 2007

Test is used for children >5 years of age. Speech reception thresholds for sentences
are measured for sentences presented in 4 conditions where the multi-talking babble is
manipulated with respect to location in auditory space and vocal quality of the speakers
(same as or different from the target sentences).

Table 3.2: List of speech-in-noise tests that use monosyllabic words

Speech perception in noise (SPIN)
Kalikow et al., 1977; Bilger et al., 1984

Scores are based on percentage of correctly identified key monosyllabic words of low
and high predictable sentences. Multi-talker babble is variable. The recognition score

of less predictable sentences reflects auditory processing and the recognition score of
highly predictable ones reflects language processing.

Quick- Speech-in-noise test (Quick-SIN)
Killion et al., 2004

Test principle based on SIN. It contains target words in lists of sentences in noise (4-
talker babble) that can be used to determine signal-to-noise ratio (SNR) loss. Each list
takes about one minute to administer. To obtain the value of SNR loss, the average
correct score obtained at each SNR is subtracted from the score obtained at the
reference 25.5 dB.

Word in Noise (WIN)
Wilson, 2003; Wilson et al., 2007

The threshold is based on SNR of 50% correct performance. Test uses monosyllabic
words in seven SNRs of multi-talker babble to evaluate the ability of individuals to
understand speech in background noise.
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3.2 Parameters of Speech-in-Noise Tests

3.2.1 Words vs. Sentences in Speech-in-Noise Tests

The majority of speech-in-noise tests use sentences, and it can be argued
that these reflect better communication demands in the real listening world
compared to the speech- in- noise tests that use words.

However, sentence recognition requires more complex skills than word
recognition. According to current speech perception theories (Sanders,
1977), listening to speech is a function of both passive (acoustic properties of
speech) and active (additional linguistic/cognitive properties) listening and
both types may underlie perception, depending on the listening conditions.
Although both types of listening rely on a combination of auditory processing
and linguistic/cognitive skills, the recognition of sentences relies more on
linguistic and cognitive skills than single words. Therefore, when
performance of listeners is assessed in these tests, they do not only
measure the auditory processing (McArdle and Wilson, 2008). This
postulation is based on the theory that speech recognition is organised
hierarchically, with the acoustic properties of speech at the bottom (bottom-
up processing) and the linguistic and higher-level cognitive ones at the top of
the hierarchy (top-down processing) (Luce and Pisoni, 1998; McArdle and
Wilson, 2008).

According to the Neighbourhood Activation Model (NAM), words are
organised on the basis of similarity in long-term memory. In order to
recognise words while listening to speech, auditory sensory processing
(bottom up) needs to activate the relevant neighbourhood and the word that
was heard needs to be matched with one from the long-term memory (top-
down) (Luce and Pisoni, 1998).

A study by Luce et al. (1990) showed that the difficulty young adults with
normal hearing had in recognising the target word from the neighbourhood
depended on the following factors: (a) word frequency (number of times word
is used in language), (b) neighbourhood density (number of similar words)

and (c) neighbourhood frequency (how frequent are all similar words in a
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lexical neighbourhood). Those lexical properties determine whether a word is
‘difficult’ or ‘easy’. In addition to recognising the target word, the listener must
be able to reproduce speech. Good production of speech depends upon
normal perception, as per the motor theory of speech perception (Liberman,

1970), and there are overlapping neural pathways.

A study by Wilson et al. (2008) compared the performance of 14 young
adults with normal hearing on 4 monosyllabic word lists: (a) PAL PB-50
(Egan, 1948), (b) W-22 (Hirsh et al., 1952), (c) North Western University
Auditory Test No. 6 (NU-6; Tillman and Carhart, 1966) and (d) 1 list of
monosyllabic digits (1-10, excluding the disyllabic 7). The findings of the
study showed that subjects performed slightly better on digit recognition (e.g.
a closed set of words) than in recognition of monosyllabic words, with a
mean recognition performance that was 1-2 dB better for the digits. The
phonetic/phonemic balance of word lists does not appear to affect the mean
performance on word-recognition tests. McArdle and Wilson (2008) analysed
data of the same study further in order to determine whether acoustic
variables (root mean square and duration of words), phonetic variables
(consonants, vowels, place and voicing) and lexical variances influence
performance in SIN tests. The results showed that 50% of the variance in the
mean performance of the tests was predominantly accounted for by acoustic
and phonetic variables (45%), whereas only 3% of the variance was
accounted for by lexical variables. These findings would suggest that
monosyllabic word-recognition in noise is more dependent on auditory than

on linguistic factors.

3.2.2 Noise vs. Multi-Talker Babbling in Speech-in-Noise Tests

Another variable in the speech- in-noise tests is the background type of
noise. When the listener hears speech that is degraded due to an acoustic
background of speech and non-speech signals, the effect is called masking
(American Standard Association, 1960). The relationship of the level of the
speech signal to that of the masking sound is described as the SNR and is
expressed in decibels. At 0 dB, the speech and masking signal are of equal

strength. Speech recognition performance depends on the spectral and
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temporal properties of the background noise and, therefore, on the degree of
direct interaction of the target and masker at the cochlear level, which may
render speech inaudible (Dreschler et al., 2001). This is termed as energetic
or peripheral masking and differs from the informational (central) masking in
which listeners hear both the target and masker speech, but they have
difficulty in dissociating the speech from the masker (Brungart et al., 2001).

Speech- in-noise tests can employ different types of noise. A study by
Danhauer and Leppler (1979) compared speech understanding in adults with
normal hearing in 4 types of noise: four-talker competitors, nine-talker
competitors, cocktail party noise and white noise. The findings were that
speech understanding was better at cocktail party noise and white noise than
in multi-talker babbling. Multi-talker babbling is a more ecological type of
masker since it is more similar to noises encountered in real life (Plomp,
1978).

Wilson (2003) highlighted the benefits of using multi-talker babbling as a
masker; multi-talker babbling involves several speakers talking at the same
time, with none of the conversations being intelligible. Multi-talker babbling is
the most common environmental background noise where listeners report
problems. The problems experienced by listeners in the presence of multi-
talker babble are attributed to the fact that the background noise is speech-
spectrum shaped (thus leading to energetic masking), while there is minimal
amplitude modulation of the envelope (reducing opportunities for glimpsing),
and the masker is aperiodic. The number of talkers in the babble masker
affects performance on listening speech of up to 4 talkers babble, but not

significantly thereafter (Rosen et al., 2013)

Another type of background noise that can be used as a masker in speech-
in- noise tests is the speech-spectrum noise that uses noise with a spectrum
equal to the long-term average spectrum of the recorded speech material
(Nilsson et al., 1994).

Wong et al. conducted a study in 2012 to compare different types of noise in
speech recognition performance: (a) speech recognition performance with
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steady-state speech-spectrum-shaped noise and (b) speech recognition
performance with 6 types of environmental noises, including lower deck of
bus, upper deck of bus, café, Chinese restaurant, street and subway train.
Thirty adults with normal hearing were tested with the Cantonese Hearing in
Noise Test (CHINT). The results showed that the performance was the same
for 4 out of 6 environmental sounds (café, Chinese restaurant, subway train
and upper deck of bus) as in the steady-state speech spectrum- shaped
noise; this similarity was not observed for noise of the lower deck of the bus
and street noise. The authors concluded that for listeners with normal
hearing, the speech recognition with steady-state speech-spectrum noise
could predict listening situations in the majority of the real environmental
sounds. Informational masking seemed to have an impact on test

performance.

Wilson et al. (2007) compared the multi-talker babble with speech-spectrum
noise in words-in-noise test (WIN) and found that 88% of the normally

hearing participants performed better with the multi-talker babble.

A research study conducted as part of a Masters dissertation thesis by
Kunaratnam et al. (2003) showed that the sensitivity of a speech- in- babble
(SIB) test in identifying adults with cerebrovascular disease of the central
auditory nervous system was 75% while the sensitivity of the speech-in-noise
test was 50%; therefore, it was concluded that SIB was a better discriminator
test for evaluating difficulty in hearing speech- in-noise due to neurological
auditory processing deficits. However, cognitive function and linguistic
performance of these subjects was not assessed, and the observed findings
may well be due to a combination of low-level sensory processing and high-

level factors affecting performance in the SIB test.
3.2.3 Effects of Fixed vs. Adaptive Speech in Noise on Speech-in-
Noise Tests

Another masking parameter is the application of fixed vs. adjusted signal to
noise ratio in an adaptive procedure. For some tests, the noise level is fixed

with the speech level adjusted on the basis of the subject's responses
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(Nilsson et al., 1994; Brand and Kollmeier, 2002), while in other SIN tests,
the speech level is fixed and the noise level is adjusted (Dubno et al., 1984;
Gustafsson and Arlinger, 1994). A study by Wagener and Brandt (2005)
compared effects of different speech test parameters on speech intelligibility
in adult listeners with normal hearing vs. listeners with hearing loss. The
Oldenburg Sentence Test was employed (German Language) and 10 normal
hearing subjects (median age, 26.5 years) and 10 older ones (median age,
70 years) with sensorineural hearing loss were assessed at a speech
presentation level of 65 dB SPL for normal hearing subjects and up to 80 dB
SPL for the hearing-impaired listeners. No differences were found between
an adaptive procedure with fixed noise level and a similar adaptive
procedure with fixed speech level. The fluctuating, speech-shaped noise was
recommended in order to differentiate between hearing impaired and normal
hearing, although the results were not statistically different. There were only
mild intergroup differences between the results for continuous and gated
masking noise. A recent study by Wilson and McArdle (2012) examined how
speech recognition was influenced when the speech level was fixed and the
noise level varied from speech recognition for a fixed noise level but variable
speech level. The study involved two groups of research participants
including 16 young adults (mean age: 23.5 years) with normal hearing and 48
older adults (mean age: 68.1 years) with hearing loss. Although both groups
performed slightly better when the speech signal was varied and the multi-
talker babble was fixed, the results were not statistically different; thus, the
authors concluded that equivalent results were obtained irrespective of
whether the level of the speech was fixed and the level of the noise varied or

the level of the noise varied and the level of speech fixed.

3.2.4 Language and Speech-in-Noise Tests

All the above-mentioned Anglophone speech- in-noise tests were developed
in the USA (American English) apart from LISN-S (Cameron and Dillon,
2007), which was developed in Australian (Australian English). Some of
these tests have been adjusted and developed in other languages, e.g. HINT
has been developed in Japanese, Latin American Spanish and Canadian

French (Soli et al., 2002) and in Cantonese language (Wong and Soli, 2005).
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For speech- in- noise tests, the listeners should be assessed in their native
language even if they are proficient in a second or third language. Tabri et
al. (2011) showed that bilingual and trilingual adults with normal hearing
performed equally well in the speech in quiet tests, but performed
significantly more poorly for their second language and even more poorly for
their third language in speech- in-noise tests compared to performers
assessed in their first language. Dawes and Bishop (2007) evaluated the
SCAN-C in UK children. The authors compared the results of 99 Oxfordshire
school children aged 6-10 years with normative data obtained for children
from the USA. Across all ages, the UK children scored significantly worse on
two of the subtests; the filtered words (FW) and auditory figure-ground (AFG)
sections as well as on the composite score. The authors suggested that each
anglophone country should record their own speech material. In the UK,
there is thus a need for the development of speech- in- noise tests in British

English.

3.2.5 Speech-in-Babble Test for APD Assessment

In order to assess adults for APD, a speech- in- noise test should be part of
the APD test battery (AAA, 2010; BSA, 2011). In the UK, there is a paucity of
speech- in-noise tests in British English. The above review of speech- in-
noise tests shows the advantage of speech tests that use words vs.
sentences (Wilson and McArdle, 2008) as they appear to rely more on
auditory sensory processing factors than cognitive factors. Speech in multi-
talker babble corresponds well with real-life listening situations (Wilson et al.,
2007; Rosen et al., 2013). In view of the literature reviewed in previous
paragraphs, the newly developed SIB test by Rosen (2003) could be
considered sensitive (for auditory sensory processing deficits) and
ecologically valid for clinical use as in order to assess adults with suspected
APD.
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3.3 Aim of Study (Phase 1)

The aim of the study was to establish normative data for the SIB test in
adults with normal hearing, in order to use the test as part of the APD test

battery of the study.
3.4 Methodology

3.4.1 Speech-in-Babble Test-Protocol

The test was presented on a calibrated computer using Matlab software with
Senheiser headphones. The test was presented monaurally. The testing
session was carried out in a sound-proof room. Two random lists were
selected (8 in total) for each ear. The word lists have been created by Stuart
Rosen. Each list contains 25 words comprising of monosyllabic phonetically
(phonemically) balanced meaningful words as the speech stimulus presented
with multi-talker babbling as the masker. The words are of equal lexical
difficulty. The word lists were recorded by a female Southern-English
speaker in an anechoic chamber. Each word was delivered with 500
milliseconds of babble masker at the beginning and the end of the word
itself. The babble noise was 20-talker babble obtained from University
College Hospital/Middlesex Hospital Video Laser Disc, 1993, at
approximately equal sound levels. The SNR was varied adaptively during the
test, starting from +20 dB SNR and increasing in difficulty after each single
correct response and easier after the first incorrect response. Each ear was
tested twice, which gives information of test reliability in the same subject.
The listeners were required to repeat the words that they heard. A threshold
value was then calculated by the Matlab software as the mean SNR of
70.7% correct performance criteria (2:1 rule) from the final (six to eight)
reversals. There were two runs of the test for each ear, which gives

information of test reliability in the same subject (Spyridakou et al., 2012).

3.4.2 Participants

Normal volunteers were recruited from among hospital staff, hospital visitors,

friends and relatives. The inclusion criteria were as follows:
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e English as first language

e Normal hearing <20dB in each frequency for 250—8000 Hz in both
ears

e Normal middle ear function on both sides

¢ No history of psychiatric disease or cognitive impairment, as reported
by the volunteers, during the initial medical interview
Normal volunteers who agreed to participate in the study were given
an information leaflet and signed a written consent form. All the
normal volunteers underwent pure-tone audiometry tests and
tympanometry prior to conducting the SIB test in order to establish
normal hearing and verify the normalcy of middle ear function on both
sides.

3.5 Results

3.5.1 Basic Descriptors of Participants

Seventy-four normal volunteers were recruited for the study; however, after
the pure-tone audiometry tests, 5 normal volunteers were excluded since
they had high-frequency, bilateral sensorineural hearing loss (excluded
subjects included two women aged 62 and 73 years and 3 men aged 67, 74
and 82 years). Sixty-nine normal volunteers aged 20-57 years (mean age,
33.2 years; SD, 9.856) met the inclusion criteria and participated in the study.
The participants included 40 women and 29 men (x* statistical test; p =
0.248). All participants had hearing thresholds of <20 dBHL across the
frequency range (250-8000 Hz) and Jerger type A on tympanometry. They
did not have any history of ear infections nor any auditory symptoms (e.g.
hearing difficulties, tinnitus or hyperacusis). The mean pure-tone average for
the right ear was 6.46 dBHL (SD, 3.35) and for the left ear was 6.57 dBHL
(SD, 3.744). The distribution was normal for both ears, and the mean values
did not differ (paired t-test; p = 0.712). After completion of the pure-tone
audiometry and tympanometry, the participants underwent the SIB test.

None of them were familiar with the test.
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3.5.2 Mean Values of Speech-in-Babble Trials: Comparison between

Ears

Table 3.3 summarises the values of the mean, median and confidence

interval for the SIB test of the right and left ears for the 4 trials (two trials on

each ear; Figures 3.1 and 3.2). There were no statistical significant

differences between the two ears.

Table 3.3: Values of mean, median, standard deviation and confidence
intervals obtained for the right and left ears in the speech-in-babble test

Right ear Left ear Significance
(n =69) (n =69) difference in
means—t test-p
value
First trial mean 1.4296 First trial 1.2622 P =0.542
and SD +1.544 mean and +2.06
SD
First trial median | 1.4300 First trial 1.3
value median
value
95% confidence | 1.0587— 95% 0.7674—
interval for mean | 1.8005 confidence 1.7570
interval for
mean
Second trial 1.4309 Second trial | 1.0443 P=0.124
mean and SD +1.894 mean and +1.92689
SD
Second trial 1.5700 Second trial | 1.1500
median median
95% confidence | 0.9758- 95% 0.5815-
interval for mean | 1.8860 confidence 1.5072
interval for
mean
Significance of P =0.996 Significance | P = 0.406
difference in of difference
means of two in means of
trials right ear—t two trials left
test ear—t test
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3.5.3 Repeatability of the Speech-in-Babble Test

A paired t test was used to assess repeatability, with no statistically
significant differences being noted in the mean values of the two trials on
each ear (Table 3.3). Figure 3.3 shows the mean value of the difference of

the means between the two trials in each ear.

In order to assess repeatability among the 4 trials in both ears, a one-factor
analysis of variance was used. There were no statistical differences between
the mean values of the 4 trials. The significance for Mauchly’s test was .419
and for epsilon .416, and therefore, sphericity was assumed. The F (3,204)
value was .946, p=.419.
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3.5.4 Normal Range of Speech-in-Babble Scores

Since there was no statistical significant difference between the values
obtained in the two trials and between the two ears for the normative data,
the data of the second trial were used, and an overall statistical analysis for
the two ears was carried out instead. The total mean value of the SIB test in
both ears was 1.035 and SD was 1.75. Approximately 95% of the data
values lay within 1.96 SD of the mean. Therefore, these two limits were

expressed as follows:
Mean + 1.96 x SD

Normal range: 1.03+1.96 x 1.75 =-2.4 up to +4.4 dB

Therefore, 4.4.dB was taken as the upper normal range cut-off score for the
SIB test in both ears. Participants with scores >4.4 dB on the first trial were

considered to have abnormal SIB test results.

3.5.5 Regression Modelling-for Age and Sex

By superficial inspection of the data, it does not appear that age and sex are
confounding factors for the study. Prior to deciding on the above value of 4.4
dB as the upper normal range for the SIB test and after inspection of
scatterplots (Figure 3.4), a regression analysis was conducted to assess the
effects of age and sex on the results of the SIB test with the SIB mean
(across trials and across ears) as the dependent variable and age and sex

as independent variables (Table 3.4).

Table 3.4: Simple linear regression for speech-in-babble

Estimated Adjusted | ANOVA | ANOVA | Standar | T T test
R? R? Fvalue |pvalue | dised stats p
beta value
Sex | 0.82 -0.007 0.463 0.631 -0.058 -0.628 0.531
Age | 0.82 -0.007 0.463 0.631 -0.083 -0.902 0.369
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Figure 3.4: Simple linear regression for the speech-in-babble test

With SIB as the dependent variable, the following regression equation was

obtained:
Y = a+b1x1+b2x2+.....+bkxk
Speech-in-babble = -0.058 (sex)-0.083(age)

Standardised beta coefficient value was similar for both sex (-0.058) and age
(-0.083). R* was 0.82 with adjusted R*0.007.

This regression analysis is, therefore, a poor fit describing only 8% of the
variance in the SIB test, and the overall relationship was not statistically
significant (F = 0.463, p = 0539 for sex and p = 0.369 for age).

3.6 Discussion

In Phase one of the research study, normative data were established for the
SIB test. The lists used were developed by Stuart Rosen and have been
previously used in a pilot research study for a Masters degree in science

(Kunaratnam et al., 2003).
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The upper cut-off value for the normal range of the test result was obtained
as 4.4 dB in each ear, and a score of >4.4 dB was classified as abnormal.
Normative data were collected with the view to using the test as part of the
APD diagnostic test battery as a monaural, low-redundancy speech tests, as
per categories proposed by ASHA 2005 for auditory processing tests.
Kunaratnam et al. (2003) conducted an unpublished study that showed that
the SIB test had higher sensitivity of 70% compared to the 50% of a similar
speech in a white-noise test in diagnosing adults with APD secondary to

acquired brain structural abnormalities.

The test offers some advantages. Firstly, words are recorded in British
English, while the great majority of anglophone speech- in- noise tests have
been recorded in American English and the recently developed LISN by
Cameron and Dillon (2007) is in Australian English and American English. It
has been proposed that speech tests should be recorded in the patients’ first
language for optimal test performance (Dawes et al., 2007; Tabri et al.,
2011).

A second advantage is that the test uses words rather than sentences.
Although words do not represent real-life situations and lacks properties of
real speech, such as word stress and dynamic range, words recognition tap
predominantly into auditory skills rather than linguistic and cognitive ones, as
is the case with sentences (Luce and Pisoni, 1998; McArdle and Wilson,
2008). The test, therefore, may be more suitable in assessing true auditory
sensory processing problems in patients with suspected APD. Wilson et al.
(2007) showed that subjects with peripheral hearing loss had significantly
worse scores in the word-in-noise test (WIN tests) compared to subjects with
normal hearing; they suggested that the WIN test was more sensitive in
diagnosing patients with peripheral hearing loss compared to the BKB-SIN
and HINT tests that employ sentences. Similar studies have not been

reported for subjects with APD.

A third advantage is that SIB uses multi-talker (20 talkers) babble as a
masking noise. Multi-talker babbling represents real-life listening situations

(Plomp, 1978). According to Howard-Jones and Rosen (1993), when the
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level of masker fluctuates, the listeners can ‘glimpse’ acoustic information.
When more talkers are added and the presentation of the masker coincides
with the beginning or ending of the speech, then it impacts on speech target
audibility. When up to 4 talkers have been added as maskers, energetic
masking will be affected, but informational masking will not, as it depends
upon more central processes and adding more than 4 talkers each time will
only result in small changes to speech perception (Rosen et al., 2013). The
SIB test, therefore, may be used to assess the overall integrity of the auditory
pathway in subjects with APD. This hypothesis will, to some extent, be
addressed in Chapter 5 that pertains to the correlation of test results with

participant reported symptoms.

Finally, the test is easy and quick to perform and takes approximately 5
minutes for the completion of the four trials (two in each ear), while a first trial
would be sufficient since there is no difference between the first and second
trial. This indicates that the test is repeatable and helps reduce the testing

time even further.

The words were recorded by a female Southern English speaker, and there
IS some evidence that listeners may find a female voice more interesting. A
recent study by Plyler et al. (2011) assessed whether the type of speech
used as target signal affects the acceptance of noise levels in listeners with
normal hearing. In their study, 26 males and 17 females of mean age 22
years were enrolled. The test involved listening to speech recorded by a
female and a male speaker in the presence of multi-talker babbling. The
research participants had to indicate acceptable loudness levels for both the
speakers, for speech in quiet and SIB. Acceptable noise levels were not
significantly different for either the content of the speech or the speaker’s
sex. However, based on self-reported questionnaires participants were more

interested in the speech made by the female speaker.

The present study did not find any statistically differences for the right and
left ears or sex. This is in keeping with other studies that collected normative
data for speech- in-noise tests (Fikret-Pasa, 1993; Nilsson et al., 1994;

Wilson et al., 2007) that did not show any differences in the two ears. This
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may be due to the fact that in all these studies, including the present,
participants had normal peripheral hearing and no auditory complaints that

would indicate auditory processing problems.

Age did not affect performance in the SIB test results. However, the upper
age limit of our research participants was 57 years. According to CHABA
(1988), older adults have significantly more difficulty in hearing speech- in-
noise than younger adults. A recent study (Ben-David et al., 2012) showed
that older adults (mean age, 72.3 years) had significantly higher SNR for
word recognition in steady-state speech-spectrum noise compared to young
adults (mean age, 20 years), and this age-related difference was higher for a
babble-type masker; in addition, the ability to benefit by the earlier onset of
the masker vs. the target speech was reduced in the older adults compared
to the young adults, but only for the babble masker. The authors proposed
that the age-related differences were due to a combination of peripheral
sensory factors but also cognitive factors, in view of the more pronounced
effects of informational masking in the older adults. Older adults have higher
prevalence of peripheral hearing loss (Davis 1989) and those recruited by
Ben-David et al. (2012) had slightly poorer average thresholds of up to 3 kHz
than the younger subjects (higher frequency thresholds were not provided by
the authors). In addition, older adults experience temporal resolution
problems that can affect the ability of hearing degraded or distorted speech
(Pichora-Fuller et al., 2007), while problems related to age can also interfere

with test performance (Humes, 2005).

A limitation of the current study is that normative data for the SIB test of
individuals older than 60 years were not collected. The younger age range
and the presence of normal thresholds in all participants may explain why an
age effect was not observed. However, in order to use the SIB test as part of
the APD battery in adults for the diagnosis of APD, a comprehensive

collection of normative data is required, which would include older adults.
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3.7 Conclusions

Normative data were collected for a monaural SIB test performed on adults
aged <60 years and having normal hearing. The test was quick to perform
and recorded in British English. No statistically significant differences were
noted between different ear sides, sexes or ages and between the first and
second trials of the test. In the UK, there is a paucity of validated speech- in-
noise tests that can be used as part of the APD diagnostic battery, and this

quick, simple and reliable test can help supplement the APD test battery.
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CHAPTER 4: PHASE 2. SELF-REPORTED AUDITORY
SYMPTOMS IN CLINICAL PARTICIPANTS WITH HEARING
DIFFICULTIES vs. NORMAL PARTICIPANTS

4.1 Introduction

Patients with APD present with a variety of symptoms. According to the
ASHA (1996) statement, there are six broad categories of abnormal auditory
behaviours in patients with auditory processing disorders: difficulties in sound
localisation, lateralisation, auditory discrimination, auditory pattern
recognition, temporal processing as well as auditory performance for
competing and degrading signals. Patients with APD can have a very
complex clinical picture and/or vary in their auditory presentation and
therefore the quantification of their symptoms may help not only with the
diagnosis but also with defining the treatment on the basis of the auditory
complaints. There is paucity in published studies regarding the presenting
auditory symptoms of patients with APD. This may well be because the
diagnosis and definition of APD still remains controversial (Moore et al.,
2013), while there is a lack of reliable screening tools to identify children and
adults who need further referral for APD assessment and a lack of
standardised diagnostic tests. The majority of published studies on the
clinical presentation are paediatric ones (Liasis et al., 2003; Moore et al.,
2010; Cameron et al., 2006; Dawes et al., 2008; Wilson et al., 2011; lliadou
and Bamiou, 2012.) and it would seem that currently, the diagnosis of APD
may be determined by the referral route rather than the presenting
symptoms. Professionals who are aware of APD will refer patients for such
assessments (Moore et al., 2012 ); however, both children as well as adults
who present with APD may have other co-existing disorders within speech
production in domains of language, cognitive processing, social
communication and attention (Moore et al.,, 2013). Therefore, it is very
difficult to attribute the hearing difficulties only to problems within the central

auditory pathways.
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4.2 Outcome Measures for Defining Auditory Symptoms in

Adults with APD

During recent years, self-reported measurements have become valuable
tools in the field of audiology and are being widely applied from screening to
intervention. Self-reported inventories are standardised questionnaires that

are used to characterise an often complex clinical picture.

A good standardised questionnaire should have the following characteristics
(Newman et al., 1997):

e Good reliability and validity.
e Short administration time
e Ease of scoring

e Detection of specific functional emotional and physical problems.

In addition, the standardised questionnaires should be easily understood by
lay people. The questionnaires should include a variety of items, not only
pertaining to the hearing difficulties but also to the identification and
quantification of the difficulties encountered by each individual in their life

environment and the impact of such difficulties on their quality of life.

An additional consideration is the readability of the questionnaires.
Antcherson et al. (2013) assessed the readability of questionnaires that are
been used to assess hearing difficulties in children and decide the need for
referral to an APD clinic. These included some of the most commonly used
questionnaires such as the Buffalo Model Questionnaire (BMQ) (Katz 2004),
Children’s Auditory Performance Scale (CHAPS) (Smoski et al.,, 1992),
Children’s Home Inventory for Listening Difficulties (CHILD) (Anderson and
Smaldino, 2000), Fisher's Auditory Problem Checklist (Fisher, 1976) and
Listening Inventory for Education (LIFE) (Anderson and Smaldino 1999). The
authors proposed that these questionnaires were written at reading levels of
8" to 10" grade (13-15 years of age). They also proposed that clinicians
should also take into account the functional literacy skills of the adult proxy
when they use those questionnaires because it can affect how they complete
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the questionnaires regarding the child’s listening abilities. Although the above
study refers to paediatric questionnaires, it stresses the importance of the

readability of questionnaires when questionnaires are administered to adults.

The following sections will review studies of paediatric and adult populations
with suspected APDs and difficulties in hearing speech- in- noise in whom

hearing/listening symptoms were quantified by means of a questionnaire.
4.3 Auditory Complaints in Patients with APD

4.3.1 Paediatric Population

Seven paediatric studies were identified regarding the use of questionnaires
as screening tools for APD in paediatric populations. Table 4.1 summarises
the paediatric studies. Children with suspected APD have more severe
hearing difficulties in the classroom, as reported by teachers (Purdy et al.,
2002); speech-in-noise difficulties, as reported by parents (Liasis et al., 2003;
Meister et al., 2004), general behavioural issues; speech/language abilities;

speech discrimination and loudness perception(Meister et al., 2004).

Currently available validated questionnaires are not reliable diagnostic tools
for evaluation of APD in children. Cameron et al. (2006) found that there was
no correlation between the CHAPS questionnaire and APD test performance
in a paediatric study of 10 children (mean age 8 years, 6 months). Similarly,
Dawes et al. (2008) published a retrospective case review of 32 paediatric
patients with APD and 57 normal controls (mean age, 10 years) and reported
that the CHAPS and FISHER questionnaires were not sensitive in identifying
children had APD. Wilson et al. (2011), in a retrospective case review study
of 104 children (age range: 6-14 years), found a low and rather weak
correlation between CHAPS, SIFTER and auditory processing tests and that
the tests did not predict the presence or absence of APD. The authors
concluded that these questionnaires cannot be used as screening tools in a

paediatric population.

lliadou and Bamiou (2012), however, assessed older children (age range,
11.4-12.7 years) and found that children with APD scored significantly worse
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on the Quiet, Ideal, Memory and Attention subscales of CHAPS than the

clinical non-APD group and on all 6 CHAPS subscales than the normal

controls.

Table 4.1: Summary of paediatric studies
LD, Learning Difficulties; susp, suspected; SIFTER, Screening Instrument for Targeting

Educational Risk

Study No of APD Questionnai | Results
children definition res
Purdy et | 10LD ASHA 1996 | Sanger et al. | Children with suspected APD
al., 10 normal (1987) and LD have significantly
2002 Age range: 7— Smoski et al. | more severe hearing
11 years (1992) difficulties in the classroom
Liasis et | 9 APD ASHA, Parental 10 Speech-in-noise problems
al., 9 normal 1996 item worse (p < 0.001) in
2003 Age range: 8— individuals with suspected
12 years APD
Meister et | 215 susp APD; | ASHA 1996 | Parental Children with susp APD had
al., 2004 85 Normal; 51 items significantly worse problems
Age range: 6— in hearing speech-in-noise,
10 years behavioural issues,
speech/language abilities,
loudness perception, musical
cues
Cameron 10 susp APD; | ASHA CHAPS CHAPS not a good tool for
etal., 2006 | Age range: predicting children with APD
7-9 years
Dawes et 32 APD; ASHA CHAPS CHAPS and FISHER not good
al., 27 normal; FISHER tools for identifying children
2008 Age range: with APD
7-12 years
Wilson et 104 case ASHA 2005 | CHAP CHAP and SIFTER not good
al.,2011 notes SIFTER tools in predicting APD
6—14 years
lliadou and | 25 APD; BSA 2011 CHAPS APD group significantly lower
Bamiou, 13 clinical non- scores in CHAPS. Significant
2012 APD; correlations between CHAPS

24 normal;
11-12 years

and APD tests

4.3.2 Adult Population

Limited evidence is currently available about the audiological profile of

adults with hearing difficulties who have been additionally assessed with self-
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report measures such as validated questionnaires. In the early 90s, two large
research studies (King and Stephens, 1992; Saunders and Haggard, 1992)
were conducted in Wales and Manchester on patients with reported
difficulties in hearing speech-in-noise. At that time, difficulties in hearing
speech-in-noise in the UK were likely to be diagnosed as King (1954)-
Kopetzky (1948) syndrome, Obscure Auditory Dysfunction(OAD) (Saunders
and Haggard, 1992) or Auditory Disability with Normal Hearing (AND) (King
and Stephens, 1992). King and Stephens (1992) investigated the auditory
and psychological factors in 20 patients of employment age who reported
difficulties in hearing speech-in-noise (classified as King—Kopetzky
syndrome) vs. 20 controls (matched for age, sex and socioeconomic group).
All the subjects underwent auditory tests including pure-tone audiometry,
high-frequency audiometry and frequency resolution and completed
guestionnaires. The main findings, based on the questionnaire, was that the
patients tended to be more anxious, depressed and lonely compared to the
normal controls because their hearing difficulties in the presence of
background noise prevented them from communicating with others. The
authors felt that poor coping strategies were associated with increased
anxiety and emphasized the importance of formally educating such patients
about hearing tactics. In another study, Zhao and Stevens (1996) compared
the speech-in-noise related difficulties in a group of patients diagnosed with
King—Kopetzky syndrome and an audiological rehabilitation group of patients
with hearing impairment; the patients were asked to complete an open-
ended questionnaire regarding their hearing difficulties. Patients with King—
Kopetzky syndrome reported more hearing difficulties in ‘live’ speech than in
‘electronic’ (television, telephone) speech as compared to the other group.
Additionally, the former group reported psychological problems, such as

anxiety, irritability and moodiness, more frequently than the latter one.

Saunders and Haggard (1992) conducted a study to characterise patients
with difficulties in hearing speech-in-noise and determine the aetiology of
their symptoms. The study protocol included hearing tests (pure-tone
audiometry, frequency resolution, speech-in-noise test, sentence-completion

task and lip-reading tests) and psychological assessments (a personality
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guestionnaire and hearing difficulties questionnaire). A subsequent study by
the same authors showed that patients with obscure auditory dysfunction
(OAD) differed significantly from the controls in three domains: (1)
psychological domain (greater anxiety on personality test), (2)
psychoacoustic domain (impaired frequency resolution, speech-in-noise
threshold) and (3) cognitive/linguistic domain (lower scores on focused
attention condition of a dichotic listening test). They also reported that while
patients with OAD syndrome and normal hearing usually were discharged
from Audiology departments, the finding of a normal audiogram did not
satisfy these patients who subsequently sought a second opinion and further
assessments. Their research led to the development of a package of
performance tests, questionnaires and protocols for counselling. Higson et
al. (1994) in a further study of 59 new OAD patients replicated the findings of
the previous study by Saunders and Haggard (1992). Therefore, it was
proposed that such patients had a consistent profile of poorer speech
reception threshold in SINT and considered themselves handicapped by their

symptoms.

Neijenhuis et al. (2003) published a study on 24 adults with suspected APD
(based on reported hearing difficulties) who underwent a validated Dutch
APD test battery. Adults with suspected APD obtained significantly lower
scores in understanding SIN and in the auditory localisation aspects of
Amsterdam Inventory for Auditory Disability compared to the normal controls.
Although they also scored worse for the remaining 3 aspects of the
guestionnaire (speech in quiet, recognition and detection of sound)
compared to the normal controls, the difference in the scores was not
statistically significant. Bamiou et al. (2012) administered the Amsterdam
Inventory for Auditory Disability questionnaire to 21 adult patients with stroke
of the auditory brain regions and 23 normal age- and hearing-matched
controls. The scores in sound recognition and localisation aspects of the
questionnaire were significantly worse in stroke patients than in normal
controls, and the questionnaire scores correlated significantly with the results

of the tests of auditory processing but not with hearing thresholds. It was
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proposed that the questionnaire could help in identifying patients who need
further audiological assessment for APD.

Review of the previous literature indicates that there are but a few studies on
clinical populations with APD (diagnosed by appropriate tests) that attempt to
characterise the clinical presentation of these patients by means of a
validated questionnaire, with even fewer such studies in the adult population.
Current evidence from paediatric studies indicates that validated
guestionnaires cannot be used as screening tools. However, this may relate
to the age of the children, as in the six of the seven studies reported, the
mean age of the children was <10 years. lliadou and Bamiou 2012,
conversely, showed that in older children, the CHAPS results were
significantly different in the clinical and the control groups. Age can affect not
only the parental views on children’s symptoms but also performance on the
tests. Another possibility is that the symptoms characterisation in paediatric
studies is not necessarily exhaustive, e.g. studies using the CHAPS
guestionnaire do not assess localisation skills or loudness discomfort. Adults,
who present with auditory difficulties, on the other hand, do not have the
above-mentioned confounding factors, and therefore, appropriate selected

guestionnaires could probably be used as screening tools.

The current study aims to assess symptom characteristics by means of
validated questionnaires in a clinical population of adults who present with
hearing complaints in the presence of normal audiogram and comparison
with normal controls. A second aim was to assess the sensitivity and
specificity of different questionnaires in screening for APD (as diagnosed on
the basis of deficits in auditory processing tests and with explicit diagnostic
criteria for APD).

4.4 Methods

4.4.1 Participants and Settings

English speaking patients aged 18-60 years who visited the audiology or
ENT/Audiovestibular Medicine clinic for evaluation of hearing difficulties but

had normal results on pure-tone audiometry were invited to participate in the
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study. Those who agreed to participate were contacted via the telephone and
tested at the Royal National Throat Nose Ear (RNTNE) and/or the National
Hospital for Neurology & Neurosurgery (NHNN). The study protocol was
explained to the patients, and an informed consent was signed. The
participants underwent a structured medical interview and audiological
assessment and were asked to complete the 3 inventories. The
guestionnaires were completed in the waiting area before testing and the
investigator receiving the questionnaires checked them and also discussed
any questions the participants had. Subsequently, the participants underwent
the complete battery of audiological tests in a sound-proof room. The
audiological tests included pure-tone audiometry, tympanometry, transient
evoked otoacoustic emissions (TEOAES) and the auditory processing tests:
suppression of TEOAEs by contralateral noise, speech-in-babble (SIB) test,
gap in noise (GIN) test, dichotic digit test, frequency and duration pattern
tests. These tests have been described in details in Chapter 2 of the thesis.
The clinical group was further categorised as clinical APD (on the basis of at
least two auditory processing test abnormalities in at least one ear with at
least 1 test being non-speech) or clinical non-APD (criteria not met). The
clinical non-APD had normal auditory processing tests or 1 abnormal test,

and therefore, they did not have APD based on our criteria.

For comparison, a normal control group was recruited from all grades of

hospital staff, hospital visitors and students.

4.4.2 Questionnaires

Three validated questionnaires were used for this research study.

4.4.2.1 The (Modified) Amsterdam Inventory for Auditory Disability (AD)

This questionnaire was devised by Meijer et al. (2003) and is presented in
Appendix 1. The questionnaire is based on the Amsterdam Inventory for
Auditory Disability and Handicap by Kramer et al. (1995). The inventory was
designed to identify factors related to hearing disability that affected the
individual in daily life and to assess the impact it has on the quality of life.

Normative data have been collected from a Dutch population of 272 adults
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(age range, 16—66 years) with a wide range of hearing loss. The precision of
its scale has been compared to some of the auditory performance tests,
including (pure-tone audiogram, speech audiogram, speech reception
threshold in quiet and noise and localisation of the sound) with multiple
correlation coefficients ranging from R = 0.60 to R = 0.74 (Kramer et al.,
1995).

The first version of this questionnaire consisted of 30 questions, while the
modified version has 28 and assesses auditory disability in five key domains:
(1) speech intelligibility in noise (questions 7, 24, 18, 1 and 13), (2) speech
intelligibility in quiet (questions 14, 19, 11, 12 and 8), (3) auditory localisation
(questions 15, 3, 26, 20 and 9), (4) recognition of sound (4, 5, 6, 17, 22, 23,
25 and 28) and (5) detection of sound (questions 27, 16, 21, 2 and 10).

This questionnaire was chosen for the research study since it has already
been used for patients with suspected APD by Neijenhuis et al. (2003) and in
their study, patients with suspected APD scored worse in the domains

pertaining to speech intelligibly in noise and auditory localisation.

The responses were scored as ‘almost never’, ‘occasionally’, ‘frequently’ and
‘almost always’ at scores of 0, 1, 2 and 3, respectively, with O indicating the

most severe hearing difficulty.

4.4.2.2 The Speech, Spatial and Qualities of Hearing Scale (S5Q)

This questionnaire was designed by Gatehouse and Noble (2004) and is
presented in Appendix 2. The questionnaire was designed to measure a
range of auditory symptoms which may lead to difficulties in hearing with
background noise. It was found that along with difficulties in hearing speech-
in-noise, there were additional contributing factors such as spatial
(localisation) hearing difficulties, attention problems and problems with
identifying the quality of sound. Data were collected from 153 individuals
(average age, 71 years), and it was found that there were good correlations
between hearing impairment and disability (SSQ scores) in the study by
Gatehouse and Noble (2004). Briefly, the domains in the questionnaire are

speech hearing (questions 1-14), spatial hearing (questions 1-17) and
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sound hearing (questions 1-19), and scores are marked from 0 to 10, with O
indicating complete inability.

This questionnaire has not been used previously in adults with APD, and it
was chosen for this research study for several reasons. Firstly, similar to the
Amsterdam Inventory for Auditory Disability questionnaire, this questionnaire
was designed to measure a comprehensive range of auditory symptoms and,
therefore, assessment of the correlation between the two questionnaires
would allow for the evaluation of the consistency and reliability of the

responses.

Secondly, the scoring systems in the two questionnaires are different, and
therefore, it could provide information about the preference of scoring

systems by research participants.

Thirdly, the ruler scoring system of the SSQ questionnaire, if the inventory
was found to be a useful tool in patients with APD, could be used as an

outcome measure after APD management.

4.4.2.3 The Hyperacusis Questionnaire

This questionnaire was designed by Khalfa et al. (2001) and is presented in
Appendix 3. Hyperacusis is a subjective symptom of intolerance/auditory
hypersensitivity to environmental sounds. The hearing of patients with this
condition is normal most of the times, and they report discomfort or pain
when they are exposed to particular sounds. Normative data were collected
from 201 subjects (age range, 17—72 years). The questionnaire was found to

be statistically reliable and consistent.

The questionnaire is divided into 2 parts. The first part along with the
patient’s details includes 3 questions with regard to noise exposure and
hearing problems. The second part consists of 14 questions. The
hyperacusis questionnaire has 3 dimensions: attention (question 1-4), social

(question 5-10) and emotional (question 11-14).

The responses are graded as 0, 1, 2 and 3 for responses of ‘no’, ‘yes a little’,

‘yes quite a lot’ and ‘yes a lot’, respectively. A total score of 28 and above
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represents strong symptoms of hyperacusis. According to ASHA (1996),
patients with APD may have difficulties with competing and degrading
signals. This questionnaire was chosen to allow for a comprehensive
assessment of symptoms that may be present in different forms of APD. A
study by Ceranic (1998) showed that following head injury, patients who
developed hyperacusis, tinnitus and difficulty in hearing SIN showed
abnormal suppression of TEOAE, indicating abnormal function at the low
level of the central auditory pathway. This clinical hyperacusis may be an
additional reason for the auditory difficulties experienced by individuals in
noisy environment. The hyperacusis questionnaire also provides additional
information about the emotional responses and social behaviours adopted by

individuals because of the auditory difficulties.
4.5 Research Hypothesis

Individuals with Auditory Processing Disorders score significantly worse

compared to asymptomatic participants in all three questionnaires.
4.6 Results

4.6.1 Participant Characteristics

Table 4.2 records the number of research participants, age and gender data.

Table 4.2: Participant age and sex data

Clinical APD Clinical Normal Significance
non-APD controls

Number 39 21 38
recruited
Female:Male 27:12 (69.2% F) | 14:7 24:14 P=0.400
ratio (66.6%F) (63.1% F) Kruskal-Wallis
Age (years) | 38.487+13.2285 | 34.135+12. | 32.947+8.7 | P=0.057 Kruskal
mean+SD 3995 269 Wallis

In all, 103 research subjects participated in the study; however, 5 clinical
research participants were excluded: one had severe depression and could
not complete the questionnaires or participate in the testing; 2, although

fluent in English, did not have English as their first language; and 2, did not
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complete the questionnaires. Thus, 98 research participants were included in

the study.

4.6.2 Amsterdam Disability (AD) Questionnaire Scores

Frequency distribution for the AD inventory for participants with clinical APD,
clinical non-APD, and normal controls are shown in Figures 4.1 — 4.3,

respectively, and the distribution of total scores is ‘skewed’.

hearing difficulties- APD

Mean = 5679
St. Dev. = 18102
M=233

frequency

20.00 40.00 60.00 50.00

AD questionnaire scores

Figure 4.1: Amsterdam Disability (AD) questionnaire scores for
participants with a clinical diagnosis of APD
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hearing difficulties - non APD

Mean = 6662
Stel. Dev. = 11.3582
MN=21

Frequency

50.00 75.00

AD questionnaire scores
Figure 4.2: Amsterdam Disability questionnaire scores in participants
with hearing difficulties but clinical non-APD

normal controls

Mean = 75.11
Stod. Dev. = 4.254
M =33

Frequency

80.00 85.00

65.00 T0.00 7500

AD questionnaire scores

Figure 4.3: Amsterdam Disability questionnaire scores in normal controls
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Table 4.3 shows the values of the mean, median and standard deviation of

scores of the AD questionnaires for the three groups: clinical APD, clinical

non-APD and normal controls.

Table 4.3: AD scores for the participants with clinical APD, clinical non-
APD and normal controls

Clinical Clinical Normal controls
APD non-APD (n = 38)
(n =39) (n=21)
Mean 56.7949 66.6190 78.1053
Median 58.0000 66.000 79.0000
SD 18.10231 11.38190 4.25402
Significance P =0.000 Kruskal-Wallis Test

Table 4.4 shows the values of mean, median and SD for subjects with

clinical APD, clinical non-APD and normal controls for each aspect of the

qguestionnaire: (a) Intelligibility in noise (ADSN), (b) Intelligibility in quiet
(ADSQ), (c) Auditory localisation (ADLOC), (d) recognition of sounds
(ADREG) and (e) detection of sounds (ADDIS). Kruskal-Wallis testing

confirms a highly significant difference among the three groups for all

aspects of the questionnaire (Table 4.5).

Table 4.4: Mean, median and SD for each dimension of the Amsterdam
Disability inventory for the three groups.
List of abbreviations: ADSN: (a) Amsterdam Disability speech in noise (b) ADSQ:
Amsterdam Disability speech in quiet, (c) ADLOC: Amsterdam Disability localisation,
(d) ADREG: Amsterdam Disability-recognition of sound and (e) ADDIS: Amsterdam

Disability sound detection

ADSN ADSQ ADLOC ADREG ADDIS

Clinical APD | Mean 7.6923 10.0000 | 9.4625 18.4615 11.1795
N =39 Median | 7.0000 10.0000 | 10.0000 20.0000 12.0000

SD 3.36510 | 3.19539 | 4.33982 6.01685 3.63370
Clinical Mean 9.3333 11.8095 | 11.6667 22.0476 11
non-APD .7619
N =21 Median | 9.0000 12.0000 | 12.0000 22.0000 12.0000

SD 3.29140 | 2.67617 | 3.41077 2.13251 2.73687
Normal Mean 13.3116 | 13.8947 | 13.8421 23.0526 14.1842
N = 38 Median | 14.0000 | 14.0000 | 14.0000 23.5000 15.0000

SD 1.86245 | 1.42922 | 1.10347 1.35462 1.08691
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Table 4.5: Kruskal-Wallis non-parametric statistical analysis for three
groups for all aspects of the AD questionnaire

Amsterdam Inventory p-value
AD 0.000
ADSN 0.000
ADSQ 0.000
ADLOC 0.000
ADREG 0.000
ADDIS 0.000

Subsequently, a Mann—-Whitney non-parametric test was performed to check
for any statistical significant differences between the participants with clinical
APD and participants with clinical non-APD. Table 4.6 records the results of
Mann-Whitney non-parametric test for the AD questionnaire (overall and
aspects of it) between APD and clinical non-APD and between participants
with clinical non-APD and normal controls. There were significant statistical
differences between all the groups in the scores, apart from the ADSN and
ADDIS scores for the clinical APD and clinical non-APD groups. Since the
Kruskal-Wallis test showed significant differences among the three groups,
further analysis, e.g. between APD and normal control groups, was not

required.

Table 4.6: Mann-Whitney non-parametric test between clinical APD and
clinical non-APD groups and between clinical non-APD and normal
controls groups

Significance levels <0.05

Amsterdam Inventory Difference between APD | Difference between
group and clinical non- | normal controls and
APD group (p-value) clinical non- APD

group (p-value)

AD 0.041 0.01

ADSN 0.079 0.00

ADSQ 0.033 0.03

ADLOC 0.049 0.026

ADREG 0.023 0.031

ADDIS 0.693 0.04

Figures 4.4 — 4.6 show the mean values for each question of the AD

guestionnaire among the three groups. Figures 4.4- 4.6 show that the normal
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controls scored the highest, followed by the research participants with
hearing difficulties and clinical non-APD; the APD group had the worst

scores in all the items of the questionnaire.

Groups

B Mormal
3= @ . Hon APD
O~ APD

Mean scores for each item

AD1 ADZ2 AD3 AD4 ADS ADS ADT ADS ADS AD10
Items of AD questionnaire
Figure 4.4: Mean scores per item (1-10) of AD questionnaire for the 3
groups

Groups
M HMormal
53— M Non APD

1 APD

2

Mean scores for each item

AD11 AD12 AD13 AD14 AD15 AD16 ADI1T AD1S AD19 ADZ0

Items of AD questionnaire

Figure 4.5: Mean scores per item (11-20) of AD questionnaire for the 3
groups
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Groups
M MNormal
3 M Non APD
APD

Mean scores for each item

AD21 AD22 AD23 AD24 AD25 AD26 AD2T AD28
Items of AD questionnaire

Figure 4.6: Mean scores per item (21-28) of the AD questionnaire for the
three groups

4.6.3 Speech, Spatial, Quality Sound (SSQ) Questionnaire Scores

Frequency distribution for the SSQ questionnaire for participants with APD,
participants with reported hearing difficulties but clinical non-APD and normal
controls are shown in Figures 4.7 - 4.9 , (speech item), Figures 4.10 — 4.12
(spatial item) and Figures 4.13 — 4.15 (sound quality item) and the

distribution of total scores is ‘skewed’.
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Hearing difficulties- APD

Mean = 66.11
Stal. Dev. = 29 838
N=3%

Fraquency

50.00 80.00 100.00
Scores in speech item of 55Q
Figure 4.7: Scores in the speech item of the SSQ questionnaire in

participants with APD

Hearing difficulties - non APD

Mean = 8§1.75
Stol. Dew. =19.702
M=21

Frequency

100.00

G000 80.00
Scores in speech item of S5Q

Figure 4.8: Scores in the speech item of the SSQ questionnaire in
participants with hearing difficulties but clinical non-APD
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normal controls

Mean = 11763
Stad. Dev. =11.438
M =38

Frequency

100.00 110.00 120.00 130.00

Scores in speech item of 550Q

Figure 4.9: Scores in the speech item of the SSQ questionnaire in normal

controls

Figures 4.6 — 4.9 show that the participants with APD had the lowest scores,
followed by the participants with hearing difficulties but non- APD; the normal
controls had the highest scores in the speech section of SSQ questionnaire.

High scores indicate less hearing difficulties.

Hearing difficulties-APD

Mean = 104 .63
Stol. Dev. = 43 923

N=35

Frequency

S0.00 100.00 150.00

Scores in spatial item of S5Q

Figure 4.10: Scores in the spatial item of the SSQ questionnaire in
participants with APD
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Hearing difficulties- no APD

Mean =117 .86
Std. Dev. = 26.544
M=21

Frequency

100.00 120.00 140.00

Scores in spatial item 55Q

Figure 4.11: Scores in the spatial item of the SSQ questionnaire in
participants with hearing difficulties but clinical non-APD

MNormal controls

Mean =148.73
Sta. Dev. =11.817
M =38

Fraquency

120.00 140.00

Scores in spatial item 55Q

Figure 4.12: Scores in the spatial item of the SSQ questionnaire in normal

controls

Figures 4.10 — 4.12 show that the participants with APD had the lowest
scores, followed by the participants with hearing difficulties but non-APD,
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whereas the normal controls had the highest scores in the spatial section of

SSQ questionnaire. High scores indicate less difficulty in spatial awareness.

Frequency

Hearing difficulties- APD

Mean = 118.57
Std. Dev. = 37.598

MN=38

S0.00 100.00 150.00

Scores in sound quality item of 55Q

Figure 4.13: Scores in the sound quality item of the SSQ questionnaire for
participants with APD

Frequency

Hearing difficulties- no APD

Mean = 130.86
Std. Dev. =19162
M=21

120.00 140.00

Scores in sound quality item 55Q

Figure 4.14: Scores in the sound quality item of the SSQ questionnaire for
participants with hearing difficulties but clinical non-APD
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Mormal controls

Frequency

[T ]

J
130.00

Figure 4.15: Scores in the sound quality item of the SSQ questionnaire in
normal controls

I
140.00

150.00 160.00

170.00

Scores in sound quality item S5Q

180.00

Mean =157.19
Std. Dev. =10.08
M =38

Figures 4.13 — 4.15 show that the participants with APD had the lowest

scores, followed by the participants with hearing difficulties but clinical non-

APD; the normal controls had the highest scores in the sound-quality section

of the SSQ questionnaire. High scores indicate less difficulty with sound

quality.

Table 4.7 shows the values of mean, median and SD for participants with

APD, clinical non-APD, and normal controls for 3 sections of the SSQ

guestionnaire: (a) speech, (b) spatial and (c) quality of sound.

Table 4.7: Values of mean, median and SD of three sections of the SSQ

questionnaire
Groups SPEECH SPATIAL SOUND
Mean 66.1053 104.6342 118.5658
'2:3539) Median 67.0000 114.5000 131.5000
SD 29.83835 43.92318 37.89842
Clinical non- Mean 81.7524 117.8571 130.8571
APD Median 78.0000 126.0000 136.0000
(n=21) SD 19.70248 26.54354 19.16175
Normal Meah 117.6316 148.7263 157.1997
(n = 38) Median 121.0000 152.0000 153.7500
SD 11.43766 11.81652 10.07990
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Kruskal-Wallis non-parametric testing confirms a statistically significant
difference among the three groups for all sections of the questionnaire (Table
4.8).

Table 4.8: Kruskal-Wallis for three sections of the SSQ questionnaire in
three research groups

SSQ p-value
SPEECH 0.000
SPATIAL 0.000
QUALITY SOUND 0.000

We also conducted a Mann—-Whitney non-parametric test for the clinical APD
and clinical non-APD group, and there were statistically significant
differences for the speech section of SSQ (p < 0.05), but not for the spatial
and sound ones. Mann-Whitney test showed significant differences in
scoring in all aspects of SSQ between participants with clinical non-APD and
normal controls (See Table 4.9). As the Kruskal-Wallis test showed
statistical significant differences among the three groups, no further analysis
was required, e.g. Mann-Whitney non-parametric tests between APD and

normal controls.

Table 4.9: Mann-Whitney non-parametric test between clinical APD and
clinical non-APD groups and between clinical non-APD and normal
controls.

Significance levels < 0.05

SSQ APD -Clinical non-APD | Clinical non-APD -
p-value Normal
p-value
SPEECH 0.047 0.000
SPATIAL 0.586 0.000
QUALITY SOUND 0.660 0.000

Figures 4.16 — 4.17 show the mean scores for each item for the speech

section of SSQ questionnaire for the three research groups
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Groups
B Hormal
107 | non APD
APD

14—

Mean scores for each item

1 2 3 4
Items of speech section 55Q

Figure 4.16: Mean scores per item (1-7) of the speech section of SSQ
questionnaire in the three groups

Groups
Marmal
I non APD

[ AFD

Mean scores for each item

8 9 10 11 12 13 14
Items of speech aspect of 55Q

Figure 4.17: Mean scores per item (8-14) of the speech section of the SSQ
questionnaire in the three groups

Figures 4.18 — 4.19 show that the mean scores for each item of the spatial

section of the SSQ questionnaire in the three research groups.
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Groups

[ MNormal
I Non APD

10
O PO

5

Mean scores for each item

1 2 3 4 & 5 7 8 9
Items of spatial aspect 55Q

Figure 4.18: Mean scores per item (1-7) of the spatial section of the SSQ
questionnaire in the three groups

Groups
[l Hormal
[ non AFD

O ~PD

a—

Mean scores for each item

- 10 11 12 12 T4 15 16 17
Itemns of spatial section of 55Q

Figure 4.19: Mean scores per item (10-17) of the spatial section of the SSQ
questionnaire in the three groups

Figures 4.20 - 4.21 show the mean scores for each item for the sound quality
section of the SSQ questionnaire for the three research groups
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Groups
Mormal

non APD
APD

Oom

10=

Mean scores for each item

1 ped 3 4 5 8 7 8 9 10
Items of sound quality section S5Q

Figure 4.20: Mean scores per item (1-10) of the sound quality section of
the SSQ questionnaire in the three groups

Groups
Mormal

— non APD
10 APD

OEm

Mean scores for each item
(7]
|

" 1 13 14 15 15 17 18
Items of sound quality section $5Q

Figure 4.21: Mean scores per item (11-18) of the sound quality section of
the SSQ questionnaire in the three groups

4.6.4 Hyperacusis Questionnaire Scores

Two research participants, one with clinical APD and one with clinical non-
APD had incomplete data on the hyperacusis questionnaire and therefore
those questionnaires were not included in the statistical analysis. The

hyperacusis questionnaire score is different from the AD and SSQ ones
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since higher scores indicate more severe symptoms of hyperacusis.

Frequency distributions for all three groups are shown in Figures 4.22 — 4.24.

Hearing difficulties -APD

Mean = 21 32
Std. Dev. = 9.679
M =238

Frequency

10.00 20.00 30.00 40.00
Scores in hyperacusis questionnaire

Figure 4.22: Scores in the hyperacusis questionnaire in participants with
APD
Hearing difficulties- no APD

Mean =17.20
Std. Dev. =818
M =20

Frequency

30.00 35.00

5.00 10.00 15.00 20.00 25.00

Scores in hyperacusis questionnaire

Figure 4.23: Scores in the hyperacusis questionnaire in participants with
hearing difficulties but clinical non-APD
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Hormal controls

Mean = 3 .45
Std. Dewv. = 5.401
M =35

4

Frequency

I T
0o 5.00 10.00 15.00 20.00 25.00

Scores in hyperacusis questionnaire

Figure 4.24:Scores in the hyperacusis questionnaires in normal controls

Table 4.10 shows the values of the mean, median and SD for participants
with APD, hearing difficulties but clinical non-APD and normal controls for
each domain of the hyperacusis questionnaire: (a) attentional, (b) social and

(c) emotional.

Table 4.10: Values of mean, median and SD for the hyperacusis

questionnaire within the 3 groups

List of abbreviations hyp, hyperacusis; AHYP, attentional hyperacusis; SHYP, social
hyperacusis; EHYP, emotional hyperacusis.

Group Value Hyp AHYP SHYP EHYP
APD mean 21.3158 6.1842 8.4474 6.6053
(n=38) median 22.0000 6.0000 8.0000 6.5000
SD 9.67891 3.13529 4.56602 3.30879
Clinical mean 17.2000 4.7500 7.0000 5.6000
non-APD median 17.0000 5.0000 7.0000 5.0000
(n = 20) SD 8.17956 2.82610 3.38728 3.21837
Normal mean 8.4474 2.8158 2.7105 2.7632
(n=38) median 7.50000 2.0000 2.0000 2.0000
SD 5.40119 2.41454 2.28873 2.09806

Kruskal-Wallis testing confirms a highly significant difference among the

three groups for all dimensions of the questionnaire (Table 4.11).
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Table 4.11: Kruskal-Wallis in three dimensions of hyperacusis
questionnaire for three groups

Hyperacusis p-value
Hyperacusis 0.000
AHYP 0.000
SHYP 0.000
EHYP 0.000

We also conducted the Mann—Whitney non-parametric test between groups,
and there were no statistically significant differences between the clinical
APD and non-clinical APD groups, but there was a statistically significant
difference between the clinical non-APD and normal controls (Table 4.12).
Again, no further analysis was required between clinical APD and normal
controls since the Kruskal-Wallis showed statistically significant differences
among these groups.

Table 4.12: Mann-Whitney non-parametric test between the APD group
and clinical non-APD group and between clinical non-APD and normal
controls groups for the hyperacusis questionnaire and its three
dimensions.

Significance levels < 0.01

Hyperacusis APD- Clinical non- APD-
Clinical non-APD normal controls
P value p-value
Hyperacusis 0.119 0.001
AHYP 0.082 0.001
SHYP 0.209 0.000
EHYP 0.298 0.001

Figures 4.25 — 4.26 the mean scores for each item of the hyperacusis

guestionnaires for the three groups.
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Mean scores for each item
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Items of hyperacusis questionnaire

Figure 4.25: Mean scores each item of (1-7) hyperacusis questionnaire
for the three groups
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Items: of hyperacusis questionnaire

Figure 4.26: Mean scores each item of (8-14) hyperacusis questionnaire
for the three groups
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4.7 Relationships among AD, SSQ and Hyperacusis

Questionnaires

The relationship among the Amsterdam Disability, SSQ and hyperacusis
guestionnaires scores was examined. There was a significant linear
correlation among the three questionnaires. Spearman rs= -0.707, p = 0.000
between AD and hyperacusis questionnaire and Spearman rs = .763 (speech
and AD), rs =.668 (spatial and AD) and rs =.689 (sound and AD), p = 0.000
between AD and SSQ questionnaire. The correlation was positive for the AD
and SSQ and negative for the hyperacusis questionnaire and AD and SSQ.
Similarly, there was a significant negative correlation between the
hyperacusis and SSQ questionnaire. Spearman rs= -.746 (speech and
hyperacusis), rs = -.510 (spatial and hyperacusis) and rs = -.670 (sound and

hyperacusis) and p = 0.000.
4.8 Questionnaires as Screening Tools

In order to see if those questionnaires can predict which patients need
further assessment for APD cut-off values were calculated by using receiver
operating characteristic curves (ROC). Subsequently the sensitivity,
specificity and likelihood ratio of the questionnaires were calculated in
predicting APD. (Figures 4.11, 4.12, 4.13). The questionnaires have low
sensitivity but very high specificity that means that the questionnaires will

correctly predict patients who do not have APD.

4.8.1 Amsterdam Disability Questionnaire

Figure 4.27 shows the receiver operating curve (ROC) curve for the
Amsterdam Disability Questionnaire. This is a plot of sensitivity (vertical axis)
against 1-specificity (horizontal axis), for different cut-off choices. The
optimal cut-off value of 52.000 (i.e. a score of 52 or less) gives a sensitivity of
41% and specificity of 94.9% (1-specificity = 0.051). Likelihood ratio=
sensitivity/(1 - specificity) = 8.20. Table 4.13 shows that the overall ability for
this questionnaire to discriminate between individuals with or without APD,

measured as the area under the ROC curve (AUC). If there is perfect
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discrimination, the area under the ROC curve should be 1. For the above
specificity and sensitivity, the AUC was 0.809, which is very high.

ROC Curve

Sensitivity

0.4

0.2

——

—

T T
0.4 (=) o8

1 - Specificity

Amsterdam questionnaire

Figure 4.27: ROC for Amsterdam Disability questionnaire

Table 4.13: Area Under the Curve for AD questionnaire

Test Result Variable(s): AD

Area Std. Asymptotic | Asymptotic 95% Confidence
Error® Sig.” Interval
Lower Bound | Upper Bound
.809 .045 .000 721 .897

4.8.2 SSQ questionnaire

Figure 4.28 shows the ROC for the SSQ Questionnaire. This is a plot of

sensitivity (vertical axis) against 1-specificity (horizontal axis), for different
cut-off choices.
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Figure 4.28: ROC SSQ questionnaire

Table 4.14: Area Under the Curve for the SSQ questionnaire

Test Result Area Std. Asymptotic Asymptotic 95%

Variable(s) Error® Sig.” Confidence Interval

Lower Upper
Bound Bound

SPEEC .845 .039 .000 .769 .920
SPAT 729 .055 .000 .622 .837
SOUND 753 .052 .000 .650 .855

For the speech aspect of the questionnaire the optimal cut off value of
51.400 (i.e. a score of 51.400 or less) gives a sensitivity of 42% and
specificity of 98.3% (1-specificity = 0.017). Likelihood ratio = sensitivity/ (1-
specificity) = 2.476.For the spatial aspect of SSQ questionnaire, the optimal
cut-off value of 51.400 (i.e. a score of 51.400 or less) gives a sensitivity of
42% and specificity of 98.3% (1-specificity = 0.017). Likelihood ratio =
sensitivity/ (1-specificity) = 2.476.

For the sound aspect of SSQ questionnaire the cut off value of 102.000 (i.e.
a score of 102.000 or less) gives a sensitivity of 34.2% and 96.6% specificity

(1-specificity = 0.034). Likelihood ratio = sensitivity/ (1-specificity) = 1.0.

Table.4.14 shows that the overall ability for this questionnaire to discriminate

between individuals with or without APD may be measured by the area under
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the ROC curve .If there is perfect discrimination the area under the ROC
curve should be 1. For the above specificity and sensitivity, the AUC was
0.845, 0.729 and 0.753 for the speech, spatial, and sound aspects of the

SSQ questionnaire, respectively, which is very high.

4.8.3 Hyperacusis Questionnaire

Figure 4.29 shows the ROC curve for the hyperacusis questionnaire. This is
a plot of sensitivity (vertical axis) against 1-specificity (horizontal axis) for
different cut-off choices.
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Figure 4.29: ROC hyperacusis questionnaire

Table 4.15 Area Under the Curve for the hyperacusis questionnaire

Test Result Variable(s): hyp

Area Std. Asymptotic | Asymptotic 95% Confidence

Error® Sig.” Interval

Lower Bound | Upper Bound

.789 .047 .000 .698 .880

For the hyperacusis questionnaire, a cut-off value of 28.000 (i.e. score of 28
or more) gives a sensitivity of 23.7% and 95% specificity (1 — specificity =

0.052). The likelihood ratio= sensitivity/(1-specificity) = 4.55

Table 4.15 shows the overall ability for this questionnaire to discriminate

between individuals with or without APD, as measured by the AUC. If there is
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perfect discrimination, the AUC should be 1. For the above specificity and
sensitivity, the AUC is 0.789 which is very high.

4.9 Comparison between SSQ Scores in Patients with Peripheral

Hearing Loss and APD

The SSQ questionnaire was developed for adults with peripheral hearing
loss, and Gatehouse and Noble (2004), in their research paper about the
validation of the SSQ questionnaire in such patients, provide the mean
values of each item of the SSQ questionnaire. The 153 adults who
participated in their study had bilateral hearing loss of various degrees
requiring hearing aids, and they completed the questionnaire prior to the
fitting of the hearing aid. The research participants with hearing difficulties
and clinical APD had significantly poorer scores than the research
participants with hearing difficulties but clinical non-APD and the normal
controls. In order to assess validity of the SSQ questionnaire in adults with
APD, a comparison study was carried out of the mean values of the items of
SSQ questionnaire between (i) patients who participated in 2004 study by
Gatehouse and Noble on the SSQ questionnaire and (ii) the APD
participants enrolled in the current study. Table 4.16 records the item-wise
mean values for the two groups and the significance of the mean differences
between the two groups for each item
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Table 4.16: Mean values for each item SSQ questionnaire for (a) patients

with hearing difficulties (Gatehouse and Noble, 2004) and (b) research

participants with clinical APD; p > 0.05 no significant difference

SSQ Questionnaire Mean value and SD | Mean value and P value
for subjects with SD for research
hearing loss subjects with
enrolled in the clinical APD
Gatehouse & Noble | (N =39)
study of 2004
(N =153)
Speech-hearing items Mean SD Mean SD
Talk with one person and 4.6 2.7 5.0 2.4 0.1
follow TV
Talking with one person in 7.1 2.4 7.8 2.1 0.1
quiet room
Having conversation with 4.5 2.7 6.1 2.3 0.1
five people in quiet with
vision
Having conversation with 3.4 2.3 4.2 2.6 0.1
five people in noise with
vision
Talking with one person in 4.6 2.4 4.9 2.4 0.9
continuous background
noise
Having conversation with 2.7 2.2 3.2 2.7 0.02
five people in noise without
vision
Having conversation in 4.0 2.4 7.4 24 0.9
echoing environment
Ignore interfering voice of 4.9 2.4 6.9 2.4 0.9
same pitch
Ignore interfering voice of 5.0 2.6 7.5 2.3 0.4
different pitch
Talking with one person 3.0 2.6 5.6 25 0.6
with TV on
Follow one conversation 4.3 2.6 3.8 2.5 0.6
when many people talking
Follow conversation 4.0 2.4 4.3 2.7 0.2
without missing the start of
new talker
Have conversation on 6.8 2.1 8.7 1.7 0.002
telephone
Follow one person 25 1.8 6.2 1.7 0.5

speaking at telephone on
the same time
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Spatial hearing items Mean SD Mean SD

Locate lawnmower 4.6 2.7 5.4 2.8 0.6
Locate speaker round a 5.6 2.8 5.6 2.9 No difference
table

Lateralize a talker to left to 7.0 2.6 7.3 2.7 0.7
right

Locate a door slam in 6.1 2.8 6.1 29 No difference
unfamiliar house

Locate above or below on 5.5. 2.8 6.7 2.8 0.9
stairwell

Locate dog barking 6.0 2.6 7.5 1.8 0.0002
Locate vehicle from 4.9 2.8 6.9 2.6 0.4
footpath

Judge distance from 4.2 2.6 7.0 2.7 0.6
footsteps or voice

Judge distance of vehicle 4.8 2.7 6.7 2.1 0.008
Identify lateral movement 4.8 2.7 6.0 2.7 0.2
of vehicle

Identify lateral movement 5.0 2.7 6.3 29 04
from voice or footsteps

Identify approach or recede 5.6 2.7 6.5 2.8 0.6
from voice or footsteps

Identify whether vehicle is 5.3 2.8 7.0 1.9 0
approaching or receding

Internalization of sounds 7.5 2.3 7.2 2.7 0.07
Sounds closer than 6.1 2.7 8.5 2.4 0.2
expected

Sounds further than 7.3 2.2 7.2 1.9 0.1
expected

Sounds in expected 6.1 2.7 5.6 3.1 0.1
location

Sound Qualities of Mean SD Mean

hearing items SD

Clarity of everyday sounds 6.6 2.7 7.0 2.7 0.9
Sounds appear jumbled 5.9 3.1 7.8 2.6 0
Music and voice as 6.3 2.7 7.5 1.8 0.0002
separate objects

Identify different people by 7.8 20 7.8 1.9 No difference
voice

Distinguish familiar music 8.3 1.9 8.0 2.2 0.6
Separation of two sounds 6.6 3.0 7.8 1.9 0.1
Identify instruments in 6.6 3.0 7.3 2.9 0
music

Naturalness of music 7.2 2.6 7.5 2.1 0.3
Clarity of everyday sounds 6.6 2.7 7.8 2.7 0.02
Naturalness of others 6.0 2.5 7.7 2.1 0

voices
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Sound Qualities of Mean SD | Mean SD P value
hearing items

Naturalness of everyday 7.1 2.8 7.5 1.9 0
sounds

Naturalness of own voice 7.7 2.8 8.3 1.9 0.04
Judging mood by voice 7.5 25 6.6 2.3 0.3
Need to concentrate when 3.7 2.8 6.5 2.5 0.2
listening

Understand when driver of 4.6 2.8 6.6 2.3 0.03
acar

Understand when car 54 2.7 6.5 1.8 0
passenger

Effort of conversation 4.0 3.1 3.6 2.6 0.06
Ability to ignore competing 5.3 3.1 3.4 25 0.02
sounds

The above data for the speech section of the SSQ questionnaire showed that
there were no significant differences between the scores of the individual
items in the two groups, except for two items: ability to follow conversation in
noise with 5 people and hearing on the telephone. The APD group scored
better, however, for the ability to follow conversation, but the score was very
low, at 3.7, and indicates significant difficulties. The scores were better for
the spatial and sound quality sections of the questionnaire for both groups.
For the spatial section of the SSQ questionnaire, there were two items with
significant differences between the two groups (locating the dog barking and
judging the distance of the vehicle). There were 10 items with significant
intergroup differences in the mean values for the sound quality section of the
guestionnaire. Patients with peripheral hearing loss scored worse in all items
apart from judging mood by voice, ability to ignore competing sounds and

effort in conversation.

The above findings show that the auditory behaviour of adults with APD is

similar to that of patients with peripheral hearing loss.

4.10 Discussion

The aim of this study was to characterise auditory symptoms in patients with
APD. In order to provide a comprehensive picture, three validated
guestionnaires were used: (a) the Amsterdam Disability (AD) questionnaire,

which has been used in patients with peripheral hearing loss, suspected APD
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(Neijenhuis et al., 2003), and APD (Spyridakou et al., 2012; Bamiou et al.,
2012); (b) the SSQ questionnaire that has been used in patients with hearing
loss and (c) the hyperacusis questionnaire. We included the hyperacusis
qguestionnaire since previous evidence has shown that patients with
difficulties in hearing in noise also experience hyperacusis, and in addition,
our test battery included the suppression of TEOAEs by contralateral noise,
which has been found to be abnormal in patients with hyperacusis and
tinnitus (Ceranic et al., 1998). In addition, the AD and SSQ questionnaires
provide information about auditory complaints but no information about
emotional responses and social behaviours adopted by hearing difficulties,

which is overcome by the hyperacusis questionnaire to some extent.

The present study aimed at assessing the validity of the AD and hyperacusis
questionnaires for assessing listening skills in neurologically normal adults
with APD. Construct validity refers to the degree to which a test measures
what it claims to be measuring (Cronbach and Meehl, 1955). The construct in
guestion, defined as the ‘postulated attribute of people, assumed to be
reflected in test performance’ (Cronbach and Meehl, 1955, p. 296), is the
auditory processing ability in its broad definition by ASHA 2005, i.e. ‘the
efficiency and effectiveness by which the central nervous system (CNS)
utilizes auditory information’, as reflected by subject-reported listening ability.
Construct validity, in the lack of a gold standard for APD, was initially
assessed by comparing against a well-validated, 50-item hearing
guestionnaire, the SSQ, proposed by Gatehouse and Noble (2004), which
has been validated in 153 people referred for audiological input, rated prior to

hearing aid provision and showed good correlation with hearing thresholds.

The AD, SSQ and hyperacusis questionnaires were administered to a clinical
population of non-neurological adults who were referred for auditory
processing assessment because of hearing complaints in the presence of
normal audiogram, as well as a sample of age-matched normal controls.
Construct validity was then further assessed for all three questionnaires by

comparing scores in the clinical vs. normal population.
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The questionnaires gave significantly different results in the clinical vs. the
normal group, and a good correlation with each other, demonstrating

construct validity for the APD.

This research study shows that participants with APD experience a variety of
auditory symptoms. Participants diagnosed with APD had significantly worse
scores than participants with reported hearing difficulties and clinical non-
APD.

Participants with APD have hearing difficulties in the presence of background
noise, as measured by the Amsterdam Disability questionnaire and the
speech aspect of the SSQ questionnaire. In both the questionnaires, the
speech subscales yielded the lowest (worse) scores in the APD group and
total clinical group, and the majority of the poor scores were also for
individual speech-scale items. APD participants had the worst mean scores
for the following questions of the Amsterdam Disability Inventory: ‘Can you
carry on a conversation with someone in a crowded place? ‘Can you follow a
conversation between a few people during dinner?’ and ‘Can you carry a
conversation with someone in a busy street?’ Similarly, they scored poorly in
the following questions of the speech aspect of the SSQ: ‘You are in a group
of about five people in a busy restaurant. You cannot see everyone in the
group. Can you follow the conversation?’ and ‘you are in conversation with
one person in a room where there are many people talking can you follow
what the person you are talking to is saying?’ These results are consistent
with those of other studies on adults with APD that report speech-in-noise to
be the most prevalent or worst impacted listening concern of adult patients
with neurological and non-neurological APD (Blaettner et al.,, 1989;
Neijenhuis et al., 2003; Spyridakou et al., 2012; Bamiou et al., 2013).

There were no overall statistical significant differences in the mean values for
items of the SSQ questionnaire between the adults with peripheral hearing
loss (Gatehouse and Noble, 2004) and our study participants with clinical
APD. An interesting finding of the questionnaire is that participants with APD
have difficulties in ignoring changes in background noise and competing

speech; this was evidenced by the fact that the clinical APD as well as the
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hearing-impaired subjects (Gatehouse and Noble 2004) had the worst scores
in the speech-related items related to divided address and/or rapidly shifting
attention in the Amsterdam Disability questionnaire and the SSQ.
Participants with APD, however, scored significantly lower scores in all
aspects of the Amsterdam Disability questionnaire, including speech in
noise, speech in quiet, sound recognition, localisation and detection of
sound. These findings differ from those of published research studies from
Neijenhuis et al. (2003) and Bamiou et al. (2012). However, their research
participants differ from this research study; in the former study (Neijenhuis et
al., 2003), the participants had suspected APD, and in the latter study,
(Bamiou et al., 2012), they had structural brain abnormalities. Neijenhuis et
al., in 2003, reported that adults with hearing difficulties and suspected APD
scored worse in the SIN and sound localisation aspects of the Amsterdam
Disability questionnaire. Bamiou et al. in 2012 reported that patients with
stroke scored worse in sound recognition and localisation aspect of the

Amsterdam Disability questionnaire.

Another interesting finding is that participants with APD scored significantly
worse in the hyperacusis questionnaire. Several publications have
addressed the relationship between hyperacusis, tinnitus and hearing loss. A
recent review by Wagenaar et al. (2010) of tinnitus, hyperacusis and auditory
processing indicates that current evidence suggests that there is probably a
common central auditory neurological mechanism for tinnitus, hyperacusis
and auditory processing. A recent study by Wallen et al. (2012) showed that
emotional exhaustion can cause hyperacusis, as measured by
uncomfortable loudness levels auditory test. The research participants with
APD scored significantly higher (worse) in the following questions: ‘Do you
find it harder to ignore sounds around you in everyday situations?; ‘Do you
have trouble concentrating in noisy surroundings?; ‘Do you have difficulty
listening conversations in noisy places?’, ‘Do stress and tiredness reduce
your ability to concentrate in noise’ and ‘Do noise and certain sounds cause
you stress and irritation?’ It is possible that the research participants with
APD have hearing difficulties in the presence of background noise due to

difficulties in ignoring the background noise and concentrating in speech.
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However, it is difficult to decide on the basis of this study whether this
reflects a problem with higher-order auditory attention or difficulty of the brain
to filter out unnecessary information by means of lower bottom-up processes
such as auditory streaming prior to allocation of attention. There are no
published studies in which the hyperacusis questionnaire has been given to
patients with APD to compare those findings. However there are publications
about patients (both children and adults) with autistic spectrum disorder who
experience hyperacusis and difficulty in hearing speech in noise. Children
with autistic spectrum disorder (ASD) present with oversensitivity to auditory
stimuli (hyperacusis) (Rosenhall et al., 1999) or/and difficulties in hearing in
noisy environments. A study published by Alcantara et al. (2004) showed
that individuals with Asperger's syndrome have similar speech-reception
thresholds as controls in unmodulated background noise but higher by 2-4
dB for modulated noise, i.e. they cannot use the spectral and temporal dips
in noise to understand speech clearly. There is some indication that this
inability in Asperger’s patients is associated with early sensory processing
deficits in that these individuals show a delay in the development of auditory
temporal-envelope processing (Alcantara et al., 2012).

Another primary aim of this research study was to identify whether the above
validated questionnaires can be used as screening tools. There is a need for
validated questionnaires that can be used as screening tools to identify
individuals requiring further assessment for APD, (Moore et al., 2013). There
was a high specificity (>90%) for all three questionnaires in predicting APD,
and strong correlations were noted among the three different questionnaires.
Sensitivity was poor, however, although the exact prevalence of APD is not
known, it is estimated that around 10% (Saunders and Haggard, 1992) of the
adults present with auditory symptoms despite normal hearing on pure-tone
audiometry. It is, therefore, not anticipated that the low sensitivity of the
guestionnaires will lead to a huge number of unnecessary referrals, if the

questionnaires were to be used as screening tools.

In contrast to paediatric studies (Cameron et al., 2006; Dawes et al., 2008;
Wilson et al. 2011), this adult research study indicates that the three
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validated questionnaires are reliable as screening tools for APD. A possible
explanation of the above findings is that adults are better able to describe
their auditory difficulties than parents or teachers who act as proxies for
children; therefore, the questionnaires can help characterize the auditory

profile better in the adult population compared to the paediatric one.
4.11 Conclusions

Adults with clinical APD present with a variety of auditory symptoms that
include hearing difficulties in quiet and noisy environments, difficulties in
localising and recognising the sound and symptoms of hyperacusis. Their
listening profile is thus quite broad and needs to be taken into account when
interviewing and testing these patients and also when considering means of
remediation for APD. The three validated questionnaires (a) Amsterdam
Disability questionnaire. (b) SSQ questionnaire and (c) Hyperacusis
guestionnaire can reliably identify adult patients who need further referral for

APD assessment.
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CHAPTER 5: PHASE 3. CORRELATION OF SELF-
REPORTED HEARING DIFFICULTIES AND AUDITORY
PROCESSING TESTS

5.1 Introduction

APD is classified under category H93.25 in ICD-10; however, it remains a
controversial diagnosis. There is no ‘gold standard’ test for the diagnosis of
APD, and no universal consensus on the diagnostic criteria; a wide range of
diagnostic yield has been reported for the different diagnostic rules in use
(Wilson and Arnott, 2013). Although there is no gold standard test for the
diagnosis of APD, there are some published recommendations by the AAA
(2010) and BSA (2011) on what diagnostic tests to use for APD, based on

current evidence.

The AAA proposes a battery of both behavioural and objective
(electrophysiological) tests. The behavioural tests are speech and non-
speech tests and include tests of dichotic listening, temporal processing,
auditory discrimination, monaural low redundancy and binaural function
(localisation and lateralisation). The position statement from the BSA (2011)
proposes that APD is characterised (and thus should be diagnosed) by
deficits in both speech and non-speech tests. This has been reflected in the
APD diagnostic criteria that require the finding of abnormal results in two
tests (consistent with recommendations by AAA and ASHA), but one of the
two tests should be non-speech (e.g. Spyridakou et al., 2012). Symptom
characterisation is an important component of the diagnostic approach. It has
been highlighted by both the AAA and BSA that selection of the appropriate
auditory tests should be done according to the presenting symptoms,
because conducting an exhaustive and time-consuming test battery is not
realistic in a clinical context. In addition, test deficits may also help define the
specific treatment we offer to the patients (e.g. see Practice Guidance
Management of APD, BSA 2011), and for this reason, choosing the tests to

conduct on the basis of symptoms reported becomes even more important.
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Finally, auditory processing tests may also help quantify the patient disability.
For example, it has been recently proposed that a speech-in-noise
assessment is a more ecologically valid assessment for hearing impairment

rather than hearing threshold loss (Thiele et al., 2011).

Auditory processing disorders are, however, very complex, and patients can
present with a variety of symptoms, as shown in chapter 4 of this thesis;
nevertheless, the correlation of patient symptoms with test deficits is not well
understood. The following section reports on a literature review on the

correlation of auditory processing tests and patient-reported symptoms.

5.2 Current Evidence of Correlation of Tests and Symptoms in

Patients with APD

A literature search was carried out by using electronic databases (OVID-
Medline, OVID-Embase and OVID-Cochrane). The databases were
searched for the period 1992-2012 to identify published research studies
regarding the correlation between symptoms and tests in patients with
auditory processing disorders. With ‘auditory processing disorder’ as the
keyword, 2112 papers published during the period 1992-2012 were retrieved.
Among these papers, 306 clinical papers were selected; after exclusion of
duplicate papers, non-English papers and papers not meeting the criteria
listed below, only 4 primary studies were found to be suitable for the review.
Published primary studies that documented the following details were
considered eligible for this review: (i) diagnostic criteria of APD, (ii)
symptoms reported by patients, as recorded using validated questionnaires,
(i) auditory processing disorder tests and (iv) correlation between the
symptoms and tests conducted. There is a lack of the use of validated
guestionnaires in the adult population, and only 1 adult study was found to
be suitable as per the above-mentioned inclusion criteria. Similarly and
despite the use of validated questionnaires in the paediatric population, only
3 paediatric studies were noted, with no published meta-analysis or
systematic reviews. Most of the current published studies are either case—

control studies or clinical studies. Table 5.1 summarises the studies.
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There was only one published study by Bamiou et al. (2012) for the adult
population. Bamiou et al. (2012) found significant correlations between two
aspects of the Amsterdam Disability questionnaire (sound localisation and
sound recognition) and dichotic digits and frequency pattern tests in adults
with stroke. On the other hand, in the three paediatric studies, only weak
correlations were noted between tests and validated questionnaires. The
CHAPS questionnaire was used in all of the paediatric studies and in the
study by Wilson et al. (2011) the SIFTER questionnaire was also used.
Cameron et al. (2006) and Wilson et al. (2011) did not find any significant
correlation between questionnaires and APD tests. lliadou and Bamiou
(2012) found that the quiet, ideal, memory and attention aspects of the
CHAPS questionnaire had moderate to strong correlations with the dichotic
digits and duration pattern tests in older children. This literature review
shows the paucity of published studies about the correlation of APD tests

and questionnaires.

Table 5.1: Individual study characteristics

Study No of No of Age Definition Results
patients Controls APD
Cameron 10 cases 48 7-9.11 | ASHA (1995) | No significant
et al., 2006 years correlations between
CHAPS and APD tests
Wilson et 104 case 6.9— ASHA (2005) | No significant
al., review 14.3 correlations between
2011 CHAPS and SIFTERS
and APD tests
lliadou and | 38 APD 39 11.4- | AAA (2010); Moderate to strong
Bamiou, and 12.7 BSA (2011) correlations between
2012 20 non- Years CHAPS and APD tests
clinical APD (DPT and DDT)
Bamiou et | 10 stroke 23 29-81 | AAA (2010); | Moderate to strong
al., 2012 APD Years | BSA (2011) correlations between AD
(ADLOC and ADREG)
with APD tests (FPT,
DPT, LDDT)

CHAPS, Children’s Auditory Performance Scale Questionnaire; SIFTER, Screening
Instrument for Targeting Educational Risk; FPT, Frequency Pattern Test; DPT, Duration
Pattern Test; DDT: Dichotic Digit Test; AD, Amsterdam Disability Questionnaire;
ADLOC, Amsterdam Disability-localisation aspect; ADREG, Amsterdam Disability-
recognition of sounds aspect; L, left

The above literature review shows the paucity of published studies about

correlation between APD test results and questionnaire scores. The aims of
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the present study were to assess the correlation between patient reported
symptoms and auditory processing test results, so that it is possible to make
informed choice of the APD tests on the basis of patient-reported symptoms
and identify the test deficits that are better used as surrogate measures of

patient-reported hearing disability.
5.3 Research Hypothesis

There is a correlation between auditory symptoms, as reported by validated
qguestionnaires and auditory processing tests, in adults with hearing
difficulties and normal hearing.

5.4 Material and Methods

5.4.1 Participant Recruitment

Participants were invited to participate in this study if they were adults who
(1) sought professional advice for reported hearing difficulties but no
previous clinical diagnosis of APD, (2) were referred to a direct-access
audiology clinic at Whittington Health or an ENT/Audiovestibular Medicine
Clinic at Royal National Throat Nose & Ear Hospital and (3) had normal

hearing on pure-one audiogram.

Adults who agreed to participate in the study were interviewed at the
Department of Adult Neuro-Otology at Royal National Throat Nose & Ear
Hospital. Participants (age range, 18-60 years old) with English as their first
language (a requirement for the accurate interpretation of the speech tests)
were recruited for the research study. The following criteria were checked
for: (1) normal hearing on pure-tone audiometry, (2) air conduction
thresholds of < 20dB on both sides at octave frequencies of 0.5-8 kHz and
(3) normal middle ear function, as verified by tympanometry with normal
middle ear pressure and compliance. Research participants with severe
psychiatric or severe cognitive difficulties identified in the clinical interview
were excluded from further assessment. Figure 5.1 summarizes the research

protocol.
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Figure 5.1: Research protocol

Adults with reported hearing difficulties and normal hearing on

pure-tone audiometry recruited for the study.

Inclusion criteria:

Age of 18 to <60 years of age

English as a first language

No psychiatric or cognitive problems

Normal hearing on pure-tone audiogram (<20 dB
from 250-8000 Hz)

Normal tympanometry findings

Research participants were seen at Neuro-otology
Department at RNTNE & NHNN.

Medical Interview

Otoscopy

Completion of 3 validated questionnaires: (i)
Amsterdam Disability (i) SSQ and (iii)
Hyperacusis

Battery of audiological tests:

Pure-tone Audiometry

Tympanometry

Transient Evoked Otoacoustic Emissions
Speech-in-babble Test

Gaps-in-noise Test

Dichotic Digit Test

Frequency Pattern Tests

Duration Pattern Test

Suppression of Transient Evoked Otoacoustic
Emissions by Contralateral Noise

1)
2)
3)
4)
5)
6)
7
8)
9)

Clinical Diagnosis
APD

Clinical non-APD
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The participant’s medical history was taken, including data on any otological
and audiological problems, relevant medical problems, family and social
history, medications and allergies. After the clinical interview and clinical
otoscopy, participants were administered three validated questionnaires to
complete: (a) the Amsterdam Inventory for Auditory Disability (AD) (Meijer et
al., 1996), (b) the Hyperacusis Questionnaire (Khalfa et al., 2002) and (c) the
Speech, Spatial and Qualities of Hearing Scale (SSQ) by Gatehouse and
Noble (2004). The questionnaires have been described in Chapter 4 (Phase
II).For comparison and to validate the results of the questionnaires and
clinical tests, a control sample was obtained from hospital staff, students,
friends and other volunteers. Similar inclusion criteria were used for the

control subjects.

5.4.2 Overview of Tests Battery

All the research participants underwent the following battery of tests that
have been described thoroughly in Chapter 2 of the research thesis. The SIB
test has been described thoroughly in Chapter 3 (Phase 1) of the research

thesis. The audiological tests were conducted in a sound-proof room.

e Pure-tone Audiometry (250-8000 Hz)
e Tympanometry
e Transient Evoked Otoacoustc Emissions (TEOAES)
e Suppression of TEOAEs by Contralateral noise
e Central Auditory Tests test:
« Speech-in-babble (SIB) test
s Gaps-in-noise (GIN) test
+ Dichotic digit test (DDT)
s Frequency pattern test (FPT)
¢ Duration pattern test (DPT)
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5.5 Results

5.5.1 Participant Descriptors

The study included the following subjects:

Fifty-eight research participants with reported hearing difficulties and the

clinical diagnosis of APD (N = 39) or clinical non-APD (N = 19) whose data

were analysed in Chapter 4. Among them, 26/39 had bilateral auditory

processing test deficits; 6/39 had auditory processing deficits on the left side

and 7/39 had auditory processing deficits on the right side. (MRI scans on

patients with unilateral test abnormalities were all negative for structural

pathology).

The data from 30 of the 38 normal controls were analysed in Chapters 2 and

3. Eight of the 38 normal controls did not complete one test in the APD test

battery, and therefore, their data were excluded from the present analysis.

General descriptors of these patients and controls are shown in Table 5.2

Table 5.2: General Descriptors of the Study

APD Clinical non- Normal significance
APD controls
Number 39 19 30
recruited
Female:Male | 23/16 11/8 17/13 P =0.315
ratio (59%) (58%) (5.7%) Kruskal
(Female %) —Wallis
Age 38.487+ 33.789+ 34.933 + P =0.283
mean+SD 13.2285 12.3584 9.2029 One-way Anova
Dyslexia 2 -- -
History of ear | 1 - 4
infections in
childhood
Mild Head 1 1
Trauma
Epilepsy 1 - -
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5.5.2 Audiological Test Results Descriptors

5.5.2.1 Pure-tone Audiometry Results

All research participants had normal (€20 dB) hearing thresholds on pure-
tone audiometry across the frequency range of 250 Hz to 8000 Hz, for both
ears. There was no significant difference among mean values of pure-tone
audiometry for the right ear (p = 0.3, one-way ANOVA) and left ear (p = 0.2,
one-way ANOVA) for the 3 groups or for the right and left ear in each group
(p = 0; paired t-test for clinical APD and clinical non-APD groups and p = 0.8,

paired t-test for normal controls) (Table 5.3).

Table 5.3: Pure-tone audiometry results for the three groups

Pure-tone APD (n = 39) Clinical non- Normal Significance
audiometry APD (n=19) (n=30) (one-way
mean ANOVA)
Right ear 13.28+3.35 13.28+3.8 12.05+4.53 P =0.378
(Mean £SD)

Left ear (Mean | 13.64+3.35 13.63+3.39 12.16+4.34 P =0.220
+SD)

Significance 0 0 0.857

(paired t test)

5.5.2.2 Auditory processing test results

Speech-in-babble test results

Research participants with APD had significantly worse results on the SIB
test. Table 5.4 and Figure 5.2 show the mean values of the SIB test among
the three groups. One-way ANOVA test confirmed the significant difference
in the SIB performance among the three groups, with the normal controls
achieving significantly lower scores compared to those of the research
participants with hearing difficulties and clinical APD and clinical non-APD.
There were no statistically significant differences between the right and left

ear scores for each group.
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Table 5.4: Mean and standard deviations for speech-in-babble test in the
three research groups

Speech-in- APD (n = 39) Clinical non- Normal Significance
babble test APD (n=19) (n=30) (ANOVA)
Right ear 3.081+1.58 2.67+1.138 1.079+1.88 P =0.000
(Mean+SD)

Left ear 3.148+1.73 2.42 +0.93 0.859+1.7 P =0.000
(MeanzSD)

Significance 0.954 0.583 0.292

(paired t-test)
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Figure 5.2: Box plot of right and left speech-in-babble scores in the three
research groups: Normal controls, APD, clinical non-APD.
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Gaps-in-noise test results

Table 5.5 and Figure 5.3 show the mean values of the GIN test among the

three groups. Kruskal-Wallis non-parametric test confirmed significant

difference in the GIN test performance among the three groups, with normal

controls achieving significantly higher scores compared to the research

participants with clinical non-APD and clinical APD.

Table 5.5: Mean and standard deviations for gaps-in-noise test in the three
research groups

Gaps in Noise | APD (n=39) Clinical non- Normal Significance

Test Mean APD (n =19) (n=30) (Kruskal—
Wallis)

Right ear 6.656+1.447 5.16+£1.015 4.53+1.408 P=0.000

(MeanzSD)

Left ear (Mean | 6.90+1.518 5.58+1.017 4.43+1.357 P=0.000

+SD)

Significance 0.108 0.088 0.534

(paired t-test)
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Figure 5.3: Box plot of right and left ears gaps-in-noise scores in the three
research groups: Normal controls, APD, clinical non-APD.

Dichotic Digit Test

Table 5.6 and Figure 5.4 show the mean values of DDT among the three
groups. Kruskal-Wallis non-parametric test confirmed a significant difference
in the DDT performance among the three groups, with the normal controls

achieving significantly higher scores compared to the research participants

129



with clinical non-APD and clinical APD. Two of the 39 APD patients did not

undergo DDTs as they had dyslexia that was considered as a factor affecting

the performance on that test. There were statistical significant differences

between the DDT scores of the right and left ears for the APD group, with the

scores being significantly worse on the left ear (p = 0.010, paired t-test).

Similarly, the DDT scores were worse on the left ear for the adults with

hearing difficulties but clinical non-APD and the normal controls but these

differences were not statistically significant.

Table 5.6: Mean and standard deviations for dichotic digit test in the three
research groups

Dichotic APD (n = 37) Clinical non- | Normal (n = 30) | Significance

Digits Mean APD (n=19) (Kruskal—
Wallis)

Right ear 91.203+ 8.3028 | 97.000 96.400+9.045 P =0.002

(MeantSD) +3.2914

Left ear 86.419+10.4406 | 95.289 95.167+9.2376 | P =0.001

(MeanzSD) 16.5156

Significance 0.010 0.119 0.154

(paired t-test)
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Figure 5.4: Box plot of right and left dichotic digit test scores in the three
research groups: Normal controls, APD and clinical non- APD.

Duration Pattern Test
Table 5.7 and Figure 5.5 show the mean values of the duration pattern test
among the three groups. Kruskal-Wallis non-parametric test confirmed the

significant difference between the three groups in the DPT performance, with
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normal controls achieving significantly higher scores compared to the

research participants with clinical non-APD and clinical APD.

Table 5.7: Mean and standard deviations for duration pattern test in the
three research groups

Duration APD (n = 39) Clinical non- Normal (n = 30) | Significance

Pattern Test APD (n = 19) (Kruskal—
Wallis)

Right ear 74.521+18.7847 | 91.421+9.1489 | 90.713+9.2278 | P=0.000

(Mean+SD)

Left ear 73.528+20.3939 | 92.032 +9.8464 | 90.650+7.6801 | P=0.000

(MeanzSD)

Significance | 0.670 0.883 0.803

(paired t-test)
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Frequency Pattern Tests

Table 5.8 and Figure 5.6 show the mean values of the FPT among the three
groups. Kruskal-Wallis non-parametric test confirmed the significant
difference between the three groups in the FPT performance, with normal
controls achieving significantly higher scores compared to the research
participants with clinical non-APD and clinical APD. Participants with APD
had significantly worse scores on the FPT on the left ear, as shown on Table
5.8. There were no differences between the test scores of the two ears in the

other two groups.

Table 5.8: Mean and standard deviations for frequency pattern test in the
three research groups

Frequency Pattern | APD Clinical non- Normal Significance
Test (n=39) APD (n =19) (n=30) (Kruskal-Wallis)
Right ear 83.469+ 96.558+ 94.220+ P =0.002
(MeantSD) 18.6615 5.9473 6.9330

Left ear 80.615+ 94.842 + 94.637+ P =0.000
(MeanzSD) 19.8862 10.7355 7.7607

Significance 0.028 0.538 0.815

(paired t test)
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Figure 5.6: Box plot of right and left frequency pattern tests scores in the
three research groups: Normal controls, APD and clinical non-APD.

Suppression of Transient Evoked Otoacoustic Emissions (TEOAES) by
Contralateral Noise

Table 5.9 and Figure 5.7 show the mean values of the three groups on
TEOAEs suppression with contralateral noise. One-way ANOVA test
confirmed a significant difference in the TEOAES suppression performance
among the three groups, with the normal controls, achieving significantly
higher scores than those with clinical non-APD and clinical APD. There were
no statistically significant differences between the right and left ear scores for
each group.
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Table 5.9: Mean and standard deviations for TEOAEs suppression by
contralateral noise test in the three research groups

TEOAES APD (n=39) | Clinical non- Normal Significance
suppression APD (n=19) (n =30) (ANOVA)
Right ear (Mean 1.109+0.7131 | 1.400+0.6334 | 2.028+1.0683 | P = 0.001
+SD)

Left ear (Mean 1.172+0.8437 | 1.356 £0.7402 | 1.810+0.9409 | P =0.025
+SD)
Significance(paired | 0.408 0.778 0.260

t-test)
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Figure 5.7: Box plot of right and left TEOAESs suppression by contralateral
noise scores in the three research groups: Normal controls, APD and
clinical non-APD
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5.5.3 Correlations of Questionnaires and APD Tests

In order to assess correlations among the three validated questionnaires and
auditory processing disorder tests, we carried out Spearman non-parametric
correlation test, and the results are summarised in Table 5.10. Correlations
were made for each ear separately with the questionnaire scores and also
the scores in the better ear and worse ear for the monaural APD tests. The

correlations are shown in Table 5.10.

Table 5.10: Correlation (Spearman rho) results between questionnaires
and APD tests

** Correlation is significant at p < 0.01 *Correlation is significant at p < 0.05
Bet: better, sup: suppression, R: right, L: left

Tests AD Hyp Speech | Spatial Sound
R SIB -.378** A426** -.423** -.350** -.386**
SIB L SIB -.320** A16%* - 431** -.349** -.372**
SIB bet -.316** .381** - 412** -.351** -.330**
SIB worse -.357** A450%* - 472 -.376** -.408**
R GIN -.492** .536** -550** -396** -500**
GIN L GIN -.507** 548** -607** -472%* -575%*
GIN bet - 470** 495** -568** -453** -547**
GIN worse -.535** .605** -624** -.455** -.572**
R DDT .268* -.219* .268* .253* 191
DDT LDDT 443 373 .536** .349** .366**
RDPT -.240* -.284** 173 129 174
DPT LDPT .229* -.304** .238* 142 .208
DPT bet -.276** -.261** .204 132 172
DPT worse .223* -.342** .229** 173 223
R FPT .138 -.074 192 .129 114
FPT L FPT 125 -.138 173 .069 113
FPT bet .149 -.115 .183 .140 137
FPT worse .109 -.097 A77 .054 .085
R TEOAE sup .253* -.201 .288** 173 .248*
TEOAESs L TEOAE sup 77 -.169 -.229%* .94 127
sup
TEOAE sup bet .138 -.113 .307** 175 221*
TEOAE sup .268* -.218 144 .061 121
worse
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The above table shows that the SIB test results correlated moderately (.3 <rs
< .5, p £ 0.01) with the scores of the AD, hyperacusis, and all aspects of
SSQ questionnaire. There were no differences when the scores of the right,

left, better or worse ear were used for the statistical analysis.

Similarly, the GIN test results correlated moderately (.4 < rs< .6, p < 0.01)
with the scores of all three validated questionnaires, and no differences were
noted when the scores of the right, left, better or worse ear were used for the

statistical analysis.

The right DDT correlated mildly (.2 < rs < .3, p < 0.05) with the AD,
hyperacusis, speech and spatial aspects of the SSQ. There were no
significant correlations between the right DDT results and the sound quality
aspect of the SSQ questionnaire. There were moderate (.3 <rs<.6, p <0.01)
correlations of the left DDT results and the scores of all three questionnaires.
There were no significant correlations between the frequency pattern test
and any of the three questionnaires. There were no statistical significant
correlations when the right, left, better or worse ear scores were used for the

statistical analysis.

Mild (.2 < rs < .3, p < 0.05) correlations of the right and left DPT with the
scores of the AD questionnaire were noted, and the left DPT with the speech
aspect of the SSQ questionnaire. There were no significant correlations with
the scores of the spatial and sound quality of the questionnaire. Moderate
correlations (3 < rs< 4, p < 0.01) of the scores of the right, left, better and

worse ears in the DPT results with the hyperacusis questionnaire.

Finally, there were moderate (2 < rs < .4, p < 0.01) correlations between the
scores of the TEAOEs suppression test in the right and left ears and the
scores of the speech aspect of the SSQ questionnaire. There were mild (.2 <
rs< .3, p < 0.05) correlations of the right and worse ear TEAOES suppression
score and the scores of the AD questionnaire and sound quality aspect of the
SSQ questionnaire. There were no significant correlations between the
TEOAEs suppression test results and scores of the hyperacusis

guestionnaire or spatial aspect of SSQ questionnaire.
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5.6 Discussion

The aim of this research study was to assess the correlation of diagnostic
tests from the APD test battery with symptoms in adults who have hearing
difficulties and normal pure-tone thresholds and visit the audiology/ENT and
Audiovestibular Medicine Departments to seek medical attention. We used
three validated questionnaires (i) The AD (i) The SSQ and the (iii)
Hyperacusis questionnaires to evaluate the self-reported hearing difficulties

in these adults.

Study participants with abnormal results in at least one ear, in at least two
tests of auditory processing (and at least one of these tests was non-
speech), were classified into the clinical APD group, and the remaining

patients, into the clinical non-APD group.

For our correlation statistical analysis, we used the AD questionnaire for
overall disability, the three sections of SSQ questionnaire and the
hyperacusis questionnaire. Weak to moderate correlations were noted
between the test results and scores of the questionnaires. The SIB test, GIN
test and DDT have an overall correlation with all three questionnaires and,

therefore, best quantify the auditory symptoms.

The moderate correlation (.3 <r < .5, p < 0.001) of the SIB test with the
guestionnaires was expected since the SIB test may assess the functional
hearing and the integrity and function of the overall auditory pathway from
the periphery up to the cortex (George et al., 2008). George et al. (2008)
showed that in the presence of normal peripheral hearing, the SIB test
performance predictors include sound processing aspects such as spectral
and temporal resolution and intensity-difference limens, as well as age and

cognitive skills.

The GIN test results showed moderate correlation (.3<r<.6, p<0.001) with the
scores of the three questionnaires. This test assesses temporal resolution
(discrimination) (Jerger and Musiek, 2000; Musiek et al., 2005) that it is one
of the key underlying elements for auditory processing of sound and speech

(Musiek et al., 2005). Anatomically, the task involves the entire auditory

139



pathway up to the cortex. It is a relatively new test in the APD battery
(Musiek et al., 2005) and serves as a threshold estimation test, which
provides six trials for each gap duration. It also relies less on cognitive
demand as the participant is asked to press a button rather than provide an

oral response and may thus predominantly assess sensory processing.

The DDT is a speech test and the only binaural auditory processing test of
our battery. The right dichotic digit test correlated weakly (.2 < r <3, p <
0.005), with the questionnaires apart for the sound quality section of the SSQ
questionnaire, where there was no significant correlation. The left dichotic
digit test, however, correlated moderately (3 <r < .5, p < 0.001) with all the
guestionnaires. The dichotic digit test is a speech test that involves not only
the ability to listen but also to store the information in the auditory working
memory before the subject verbally labels it. The left ear score of the dichotic
digit test may tap into the cognitive aspects of listening, including attention
(Hugdahl et al., 2009). All three research groups scored worse on the left vs

the right DDT but the APD group scored significantly worse.

The finding of the poorer score on the left side in the DDT is consistent with
the findings of other research studies (Musiek 1983; Mukari et al., 2010;
Bamiou et al., 2012; Schmithorst et al., 2013). Bamiou et al. (2006) showed
that patients with PAX6 had interhemispheric abnormalities, which can be
clinically evaluated by abnormal DDT results, but had normal monaural
auditory processing disorder tests, e.g. GIN tests. These findings can be
explained on the basis of the ‘callosal relay model’, which proposes that
language perception takes place in the left hemisphere and that in dichotic
situations, the contralateral pathway, which dominates in auditory signal
transmission, takes over (Zaidel,1986). Alternatively, recent neuroimaging
studies show differences in frontal eye field activation (and, thus, in attention
bias) in children with right vs. left ear advantage in dichotic-word tests, as
well as diffusion tensor imaging findings indicating either enhanced efferent
or potentially decreased afferent connectivity of the frontal eye field with
subcortical regions, which could explain the ear advantage finding at a

sensory processing level (Schmithorst et al.,, 2013). The finding of a
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moderate correlation of the left DDT results with the scores of all three
guestionnaires would indicate that it serves as a functional measure of

listening that incorporates both attention and sensory aspects of listening.

The DPT scores correlated weakly (.2 < rs< .3, p < 0.005) with those of the
AD and the speech aspect of SSQ, but there were no significant correlations
with the spatial and sound qualities of the SSQ questionnaire. There were no
significant correlations of the frequency pattern tests with any of the three
questionnaires. Research participants with clinical APD scored significantly
worse in both duration and frequency pattern tests. A possible explanation
may be that the research subjects had no structural brain abnormalities and
therefore the overall score although abnormal in the participants with clinical
APD was better compared to the ones with known structural abnormalities
published in literature (Bamiou et al.,, 2006). The right temporal lobe is
associated with pitch such as music and environmental sounds (Zatorre et
al., 2002). A case study by Nagle et al. (2013) regarding a female patient
who underwent two consecutive temporal lobe resections for epilepsy
showed that following the second operation that involved resection of the
superior temporal gyrus, the patient was still able to hear speech in quiet and
environmental sounds but had hearing difficulties in demanding listening
situations such as noisy environments. The patient scored normal in FPT.

Similar findings were published by Drew et al. (2003).

The suppression of TEOAEs by contralateral noise shows weak correlations
(.2 <rs<.3, p<0.05) with the scores of the AD questionnaire and speech
aspect of the SSQ questionnaire. The suppression of TEOAEs by
contralateral noise on the right side shows additional weak correlations (r =
.248, p<0.05) with the sound quality aspect of the SSQ questionnaire. Our
findings were similar to those of other research studies (Muchnic et al., 2004;
Garinis et al., 2008). Muchnic et al. (2004) reported that there was a
significant difference between the suppression of TEOAEs by contralateral
noise in 15 children with APD and 15 normal controls. Kumar and Vanaja
(2004) showed that there was a statistical significant improvement of the

speech intelligibility in ipsilateral noise perceived by children when
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contralateral acoustic stimulation was applied, and this improvement
correlated with suppression of TEOAEs by contralateral noise. However, a
significant drawback of the latter study was that they employed English
language speech test stimuli, but the children tested were not English first
language speakers, and their knowledge of English language was not
assessed prior to the study. These children gave lower scores compared to
peers with English as the first language, and a learning effect or linguistic
competency factors confounding the results cannot be excluded. Another
recent study by Elgeti et al. (2008) showed that there was a significantly
higher prevalence of spontaneous otoacoustic emissions (SOAES) in
children (mean age, 8 years) with poorer speech-in-noise intelligibility test
scores compared to age-matched children with normal speech intelligibility.
They interpreted this finding as indicative of an abnormality of the efferent
system in those children, but did not perform the TEOAE suppression test.
Mukari (2008) did not find a correlation between a speech-in-noise test and
suppression test of distortion product otoacoustic emissions conducted in a
group of older and compared with younger adult listeners. Together with the
findings of previous studies, the findings of weak correlations of TEOAE
suppression test with the speech aspect of the questionnaires would indicate
that the lower-level electroacoustic test that assesses the function of the
medial olivocochlear bundle can serve as a functional indicator of difficulty in
hearing speech-in-noise. Although suppression of TEOAES assesses the
medial olivocochlear system, there is also evidence (de Boer and Thornton,
2007) that there is control of the function of the efferent system by top-down
neurons; therefore, abnormal suppression of TEOAEs may relate to
additional top-down influences from the cortex that reflect high-order
processing (de Boer and Thornton, 2007), although further research is
required to elucidate this. Moderate correlations (3 < rs< 6, p < 0.01) were
noted among the results of SIB test, GIN test, left DDT and the scores of the
hyperacusis questionnaire and moderate but slightly weaker correlations (3 <
r<4, p<0.001) between the DPT results and the scores of the hyperacusis
guestionnaire. There were also weak correlations (rs = 0.219, p < 0.005)
between the right DDT results and the scores of the hyperacusis

questionnaire. No audiological test has been developed thus far to measure
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the symptoms of hyperacusis. There are, however, published papers that
show abnormal suppression of TEOAEs by contralateral noise in patients
with hyperacusis, and therefore, it was surprising that this research study did
not show any such correlations. Ceranic et al. (1998) and Attias et al., (2005)
reported that a significant number of patients present with auditory symptoms
(sensitivity to loud sounds, tinnitus, difficulty in hearing speech-in-noise)
following a head injury and that 65-87% of them have abnormal suppression
of TEOAEs by contralateral noise. In addition, auditory complains such as
difficulty in hearing SIN and hyperacusis are commonly observed in
individuals with autism (Rosenhall et al., 1999; Alcantara et al., 2004).
Kulesza and Mangunay (2008) examined the brains of 5 individuals with
autism (age range, 5-32 years) and compared them with those of 2 controls
(ages, 26 years and 29 years). They observed a significant disruption of the
morphology of the medial superior olive in the individuals with autism.
Although that study has shown probable involvement of the medial
olivocochlear system in the auditory complaints of hyperacusis and difficulty
in hearing speech-in-noise, the sample was very small; other areas of the
auditory pathway were not examined and there was no information about the

auditory complaints of those individuals.

The moderate correlations of the results of the SIB, GIN and left DDT tests
with the hyperacusis questionnaire scores may indicate the involvement of
the central auditory pathway in symptoms of hyperacusis. The strong
correlations among the three questionnaires (AD, SSQ and hyperacusis), as
reported in Chapter 4 of this thesis, and the moderate correlations between
the results of the SIB, GIN and DDT indicate a strong relationship between

difficulty in hearing speech in noise and clinical complaints of hyperacusis.

There are but a few published research studies that assess the symptoms of
hyperacusis and difficulty in hearing speech in noise in adults with
developmental disorders such as autism (Alcantara et al.,, 2004) and
William’s syndrome (Blomberg et al., 2006; Elsabbagh et al., 2011). A
tentative explanation for our findings could be that hyperacusis may be

associated with abnormal temporal resolution (discrimination) difficulties, as
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indicated by abnormal results of the GIN test and DPT. This is consistent
with the findings of abnormal temporal processing abilities in individuals with
loudness discomfort and Asperger’'s syndrome (Alcantara et al., 2004). The
correlation of the SIB test with hyperacusis may reflect, to some extent, the
difficulties experienced by the study subjects in ignoring background noise
and/or concentrating when hearing speech. The correlation of the left DDT
result with the hyperacusis questionnaire scores may also indicate difficulties

with attention in these subjects.

In all, 39/58 (67.2%) patients who sought professional advice were
diagnosed with APD on the basis of the current diagnostic criteria of 1
abnormal speech test result and 1 abnormal non-speech test result in one or
both ears. The majority (26/39, 66.7%) of the adults had bilateral auditory
processing test deficits. None of the control subjects were diagnosed with
APD on the basis of these diagnostic criteria. Although the prevalence of
APD in the adult population is not exactly known, it is estimated to be at
around 10% (Saunders and Haggard, 1992) and is believed to increase with
age in older patients, over the age of 63 up to 50% (Jerger et al., 1989). This
research study shows a high prevalence of APD in the adult population, of
those <60 years of age who seek professional advice due to reported
hearing difficulties and having normal peripheral hearing. A possible
explanation is that the research participants were recruited from a
specialised ENT and Neuro-otology hospital, and the patients referred to the
hospital there were significantly more troubled by their symptoms than
patients who attend local community services. Another possible explanation
is that this is a true reflection of the prevalence since there is a dearth of

proper evidence.

Another interesting finding of this research study is that the research
participants who were diagnosed with APD probably had developmental APD
(BSA, 2011) or non-neurological APD. They had longstanding hearing
difficulties with no known brain abnormalities, such as brain tumours or
previous strokes. None of the participants had autism. Two of the study

subjects with a clinical diagnosis of APD had dyslexia and 1 had epilepsy
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(normal MRI). There is paucity of similar studies since most published
evidence involve APD in adults with known neurological deficits (Fallis-
Cunningham et al., 1998; Musiek & Lee, 1998; Musiek et al., 2005; Bamiou
et al., 2006; Meneguello et al., 2006; Musiek et al., 2011; Bamiou et al.,
2012: Nagle et al., 2013) or older adults with peripheral hearing loss (Jerger
et al., 1989; Jerger et al., 1990; Humes et al., 2005; Mukari et al., 2010;
Anderson et al., 2011). Similar to this research study, Neijenhuis et al. in
2003 published a study that evaluated a Danish APD test battery in adults
and children. In their study, the adults had no known neurological disease,
and the upper age limit was 57 years 11 months. As a group, the adults
showed significantly more abnormalities in the APD tests than children, while
their scores were more consistent, probably since they have stable auditory
symptoms. About 58% of them were females similar to other adult published
studies (Neijenhuis et al., 2003; Musiek et al., 1991; Lawfield et al., 2011). It
is unclear whether this is a coincidence or it relates to the fact that women
seek medical help more often than men. However, in the paediatric
population, a recent epidemiological study by Boyle et al. (2011) showed that
males are more likely to have a developmental disorder than females, and

therefore, it is assumed that APD is more common in boys than in girls.
5.7 Conclusions

This research study has shown weak to moderate correlations among the
SIB test, GIN test, DDT and symptoms of hearing difficulties and hyperacusis
in adults younger than 60 years of age with APD. A battery of tests is needed
in order to diagnose APD in such adults.
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CHAPTER 6: OVERALL CONCLUSIONS

6.1 Aim and Initial Hypotheses Revisited

This research study examined the clinical symptom characteristics of adults

with APD in order to enhance our understanding of the auditory profile of

these disorders.

6.2 Summary of Main Findings

Adults with APD presented with a variety of auditory symptoms
reported on three validated questionnaires (AD, SSQ and hyperacusis):
difficulty in hearing speech in quiet and speech-in-noise, sound
recognition difficulties, problems with sound localisation and symptoms
of hyperacusis. These symptoms were significantly more severe in
adults with APD than in normal controls.

Compared to adults with reported hearing difficulties but not clinically
diagnosed with APD, those with reported hearing difficulties who seek
professional advice and are clinically diagnosed with APD have
significantly worse difficulties in hearing speech in quiet, sound
localisation and sound recognition, but not significantly worse difficulty

in hearing speech-in-noise or symptoms of hyperacusis.

The three validated questionnaires showed good specificity (>90%) in
identifying patients requiring an APD assessment, although sensitivity
was rather low (around 40% for the AD and SSQ and 23.7% for the

hyperacusis questionnaire).

Statistically significant correlations were noted between the auditory
tests and questionnaires, with moderate correlations among SIB, gap-

in-noise, and dichotic digit tests with the three validated questionnaires.

There are mild to moderate correlations among the duration pattern test
and TEOAEs suppression by contralateral and aspects of the three

validated questionnaires.
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6.3 General Interpretation of the Findings

This research study addressed a current pressing need in quantifying the
symptoms in individuals with APD by using validated questionnaires (Moore
et al., 2013). There are but a handful of published research studies in the
adult APD population (Neijenhuis et al., 2003; Bamiou et al., 2012) that have
used a validated questionnaire. Adults with reported hearing difficulties and
APD have difficulty in hearing speech in quiet and SIN, sound localisation
and sound recognition. They also present with symptoms of hyperacusis.
Adults with reported hearing difficulties but without a clinical diagnosis of
APD have the same symptoms, albeit to a lesser extent. This was an
interesting finding of this study that indicates that APD is a ‘continuum’, as
proposed by Phillips et al. (2010). Another possible explanation for these
findings is that they relate to the wide diagnostic yield and different
diagnostic criteria used to define APD (Wilson and Arnott, 2013).

A standardised APD diagnostic test battery was used in this study (AAA,
2010; BSA, 2011). As part of the test battery, a newly developed monaural
SIB test was used. This test was recorded in southern British accent English
and employed words instead of sentences and multi-talker babble instead of
white noise. Normative data were collected, and the test showed moderate
correlations with all three questionnaires. The fact that the test employs
monosyllabic, simple words and multi-talker babble allows for better
assessment of processing sensory difficulties than speech tests employing
sentences and white noise (McArdle and Wilson, 2008; Rosen et al., 2013).
The test had moderate correlations with the questionnaires; this finding could
be considered as indicating that it may assess overall functional elements of

listening, that incorporate attention and auditory sensory of listening.

The suppression of TEOAEs by contralateral noise, which is an objective
electrophysiological test, showed weak to moderate correlations with the AD
and speech aspect of the SSQ questionnaire. The test is a clinical tool used
to measure the function of the medial olivocochlear bundle (Collett et al.,
1992) that enhances speech intelligibility in the presence of background

noise (Ceranic et al., 1998; Kumar and Vanaja, 2004; Brown et al., 2010).
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Our findings indicate that this test can provide useful information in patients
with listening difficulties.

The three validated questionnaires were found to have high specificity, and

they may correctly identify individuals requiring further assessment for APD.

Therefore, these questionnaires hold promise as screening tools for
identifying patients requiring referral for APD assessment. These findings
differ from those of paediatric studies indicating that validated questionnaires
are not good screening tools for diagnosing APD (Cameron et al., 2006;
Dawes et al., 2008; Wilson et al., 2011). One possible explanation may be
that since the clinical profile of APD evolves over the age span, auditory
processing and attentional/cognitive functions may have different
developmental trajectories. Another explanation is that children who are
assessed for APD have learning difficulties experienced in the educational
environment, but adults with APD seek medical attention themselves for

some abnormality.

Neijenhuis et al. (2003) proposed two different types of APD; the
maturational one in children and the disordered one in adults. The study
findings indicate that the three validated questionnaires can be used in adults
reporting hearing difficulties but having normal pure-tone audiograms, to

assess the need for further APD assessment.

The APD participants in this study were younger than 60 years of age, had
normal peripheral hearing and had no known causes for APD. They had the
non-neurological type of APD. This is strength of the study since by selecting
adults with non-neurological APD, we could eliminate any confounding

factors associated with structural brain pathology.
6.4 Limitations of the Study

Firstly, the sample size of this study, although good, is not adequate to
perform further statistical analysis such as factor analysis. Secondly, only
one set of APD diagnostic criteria was used (BSA, 2011); the findings could

have been compared to other diagnostic criteria. Thirdly, the results of
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neuropsychometry tests were not included. Finally, recruitment was from a
broad clinical population and not a specific population; however, this is also a
strength of the study since if offers insight into the population categories that

seek medical attention for their hearing difficulties.

6.5 Future Research

The three validated questionnaires hold promise as screening tools for APD
and should be assessed in a bigger study. Firstly, these questionnaires, in
addition to a (normal) audiogram may help reliably identify adults with
suspected APD who require further assessment/intervention. They may also
help plan the management, even without further testing. Dillon et al. (2012)
argues that real-life listening difficulties, in the presence of a normal
audiogram, can be addressed by listening and communication tactics, e.g.
preferential seating, lip reading or provision of FM system. The three
validated questionnaires could thus be used to identify adults who would
benefit from these interventions and to measure the outcomes of such
interventions. For the purposes of selecting the disorder (or deficit)-specific
driven remediation, further assessment would be required (Dillon et al., 2012;
Bamiou et al., 2006). For example, speech in noise training is increasingly
employed to address speech-in-noise deficits in adults, and improvements in
performance after such training are partly attributable to improved sensory
encoding, indicating that a “bottom-up” mechanism influenced the brain’s
plasticity (Song et al., 2012). A worse baseline speech in noise test
performance predicts better training outcome (Song et al., 2012), justifying
the need to recommend such training to those who fail speech-in -noise
tests. The questionnaires may be used as outcome measures following
deficit specific treatment, and may serve as a better functional index of

listening in real life than laboratory tests.

Further research is necessary to determine the correlation of difficulties in
hearing speech in noise and hyperacusis and the results of potential auditory
tests to investigate hyperacusis symptoms. Limited published research
shows that hyperacusis may be measured by TEOAE suppression by

contralateral noise (Ceranic et al., 1998; Spyridakou et al., 2012), but this
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was not noted in this study. This research showed correlations between
central auditory tests (SIB, gap in noise, dichotic digit and duration pattern)
with hyperacusis. Further studies on other patient groups reporting
hyperacusis such as traumatic brain injury patients using a test protocol
similar to that of the present study may help provide further information
regarding hyperacusis. Further research by including cognitive assessments,
memory, attention and executive function, in particular, would also provide
additional useful information about the profiles of such patients.
Neuropsychometric measurements could be correlated with central auditory
tests in order to obtain further information about the diagnostic validity of
those tests, and also correlated with patient symptoms, in order to help

select identify appropriate management strategies.

Further investigations on the clinical application of the SIB test as a speech
test of the APD battery are necessary. Normative data should be collected
for different accents in British English since the words have been recorded in

Southern British accent.

Finally, further research extending the study to adults aged over 60 years is

necessary.
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APPENDIX 1

Modified Amsterdam Inventory for Auditory Disability

Name Date of birth

Date tested
1. Canyou understand a shop assistant in a crowded shop?

Almost always Frequently Occasionally Almost Never
2. Can you carry on a conversation with someone in a quiet room?

Almost always Frequently Occasionally Almost Never

3. Do you immediately hear from which direction car is approaching when
outside?

Almost always Frequently Occasionally Almost Never
4. Can you hear cars passing by?

Almost always Frequently Occasionally Almost Never
5. Do you recognise members of your family by their voices?

Almost always Frequently Occasionally Almost Never
6. Can you recognise melodies in music or songs?

Almost always Frequently Occasionally Almost Never
7. Can you carry on a conversation with someone in a crowded meeting

Almost always Frequently Occasionally Almost Never
8. Can you carry on a telephone conversation in a quiet room?

Almost always Frequently Occasionally Almost Never

9. Can you hear from which corner of a lecture room someone is
asking a question during a meeting?

Almost always Frequently Occasionally Almost Never
10. Can you hear someone approaching from behind?

Almost always Frequently Occasionally Almost Never
11. Do you recognise a presenter on TV by his/her voice?

Almost always Frequently Occasionally Almost Never
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12. Can you understand text that is being sung?
Almost always Frequently Occasionally Almost Never
13. Can you easily carry on a conversation with somebody in a car or bus?

Almost always Frequently Occasionally Almost Never

14. Can you understand the presenter of the news on TV?

Almost always Frequently Occasionally Almost Never
15. Do you immediately look in the right direction when somebody calls you in the
street?

Almost always Frequently Occasionally Almost Never

16. Can you hear noises in the house like running water, vacuuming, a washing
machine?

Almost always Frequently Occasionally Almost Never
17. Can you discriminate between the sound of a car and a bus?

Almost always Frequently Occasionally Almost Never
18. Can you follow a conversation between a few people during dinner?

Almost always Frequently Occasionally Almost Never
19. Can you understand the presenter of the news on the radio?

Almost always Frequently Occasionally Almost Never

20. Can you hear from which corner of the room someone is talking to you in a
quiet house?

Almost always Frequently Occasionally Almost Never
21. Can you hear the doorbell at home?

Almost always Frequently Occasionally Almost Never
22. Can you distinguish between male and female voices?

Almost always Frequently Occasionally Almost Never
23. Can you hear rhythm in music or songs?

Almost always Frequently Occasionally Almost Never

168



24.

25.

26.

27.

28.

Can you carry on a conversation with someone in a busy street?

Almost always Frequently Occasionally Almost Never
Can you distinguish intonation and inflections in people’s voices?

Almost always Frequently Occasionally Almost Never
Do you hear from which direction a car horn is coming?

Almost always Frequently Occasionally Almost Never
Do you hear birds singing outside?

Almost always Frequently Occasionally Almost Never

Can you recognise and distinguish between different musical instruments by

their sound?

Almost always Frequently Occasionally Almost Never
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APPENDIX 2

S[peech] S[patial] Q[ualities] version 3.1.2 |. Speech hearing rating scale

NAME

CONDITION DATE

1. You are talking with one
other person and thereisa TV on
in the same room. Without turning
the TV down, can you follow what
the person you’re talking to says?

Not at
all

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

2. You are talking with one
other person in a quiet, carpeted
lounge-room. Can you follow what
the other person says?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

3. You are in a group of about
five people, sitting round a table. It
is an otherwise quiet place. You
can see everyone else in the
group. Can you follow the
conversation?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

4, You are in a group of about
five people in a busy restaurant.
You can see everyone else in the
group. Can you follow the
conversation?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Min Max

aid not used

or wouldn’t hear it
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5. You are talking with one
other person. There is continuous
background noise, such as a fan or
running water. Can you follow
what the person says?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

6. You are in a group of about
five people in a busy restaurant.
You cannot see everyone else in
the group. Can you follow the
conversation?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

7. You are talking to someone
in a place where there are a lot of
echoes, such as a church or railway
terminus building. Can you follow
what the other person says?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

8. Can you have a
conversation with someone when
another person is speaking whose
voice is the same pitch as the
person you're talking to?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

9. Can you have a
conversation with someone when
another person is speaking whose
voice is different in pitch from the
person you're talking to?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it
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10. You are listening to
someone talking to you, while at
the same time trying to follow the

Not at Perfectly tick if not applicable

aid not used

news on TV. Can you follow what 0 1 2 3 4 5 6 7 8 9 10 't hear

both people are saying? , or wouldn't hear it
Min Max

11. You are in conversation Not at Perfectly tick if not applicable aid not used

with one person in a room where
there are many other people

talking. Can you follow what the 0 1 2 3 4 5 6 7 8 9 10 , _

person you are talking to is saying? or wouldn’t hear it
" | Min Max

12. You are with a group and Not at Perfectly tick if not applicable aid not used

the conversation switches from
one person to another. Can you
easily follow the conversation
without missing the start of what
each new speaker is saying?

1 2 3 4 5 6 7 8 9 10
Max

or wouldn’t hear it
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13. Can you easily have a
conversation on the telephone?
[using one, none, or both aids?]

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10
Min Max

or wouldn’t hear it

14. You are listening to someone
on the telephone and someone next
to you starts talking. Can you follow
what’s being said by both speakers?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10
Min Max

or wouldn’t hear it
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$SQ3.1 Il. Spatial Rating Scale

You are outdoors in an unfamiliar
place. You hear someone using a
lawnmower. You can’t see where
they are. Can you tell right away

where the sound is coming from?

Not at Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

You are sitting around a table or at
a meeting with several people. You
can’t see everyone. Can you tell
where any person is as soon as
they start speaking?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

You are sitting in between two
people. One of them starts to
speak. Can you tell right away
whether it is the person on your
left or your right, without having
to look?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

You are in an unfamiliar house. It
is quiet. You hear a door slam.
Can you tell right away where that
sound came from?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it
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You are in the stairwell of a
building with floors above and
below you. You can hear sounds
from another floor. Can you
readily tell where the sound is

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

or wouldn’t hear it

. Min Max
coming from?
You are outside. A dog barks Not at Perfectly tick if not applicable aid not used
loudly. Can you tell immediately all

where it is, without having to
look?

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it
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You are standing on the footpath of a
busy street. Can you hear right away
which direction a bus or truck is
coming from before you see it?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

In the street, can you tell how far
away someone is, from the sound of
their voice or footsteps?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

Can tell how far away a bus or a truck
is, from the sound?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

Can you tell from the sound which
direction a bus or truck is moving, for
example, from your left to your right
or right to left?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

Can you tell from the sound of their
voice or footsteps which direction a
person is moving, for example, from
your left to your right or right to left?

Perfectly tick if not applicable

aid not used

or wouldn’t hear it
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Can you tell from their voice or Not at Perfectly tick if not applicable aid not used
footsteps whether the person is all
coming towards you or going away? L 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10 .
or wouldn’t hear it
Min Max
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Can you tell from the sound whether a bus or
truck is coming towards you or going away?

Not at Perfectly tick if not applicable aid not used

0] 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

Do the sounds of things you are able to hear
seem to be inside your head rather than out
there in the world?

Inside my Out there tick if not applicable aid not used
Head

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

Do the sounds of people or things you hear,
but cannot see at first, turn out to be closer
than expected when you do see them?

Much closer Not closer tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

Do the sounds of people or things you hear,
but cannot see at first, turn out to be further
away than expected when you do see them?

Much further Not further tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

Do you have the impression of sounds being
exactly where you would expect them to be?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

or wouldn’t hear it
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SSQ3.1 1l Sound Qualities Rating Scale

1. Think of when you hear
two things at once, for example,
water running into a basin[a
power-tool being used][a plane
flying past] and, at the same time,
a radio playing[the sound of
hammering][a truck driving past].
Do you have the impression of
these as sounding separate from
each other?

Not at aid not used

all

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Min Max

or wouldn’t hear it

When you hear more than one
sound at a time, do you have the
impression that it seems like a

single jumbled sound? *

Not jumbled tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

or wouldn’t hear it

*f you have this experience, can | Min Max
you give examples of the sounds in
question?
3. You are in a room and Not at Perfectly tick if not applicable aid not used

there is music on the radio.
Someone else in the room is
talking. Can you hear the voice as
something separate from the
music?

0 1 2 3 4 5 6 7 8 9 10
Min Max

or wouldn’t hear it
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4, Do you find it easy to
recognise different people you
know by the sound of each one’s
voice?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10
Max

aid not used

or wouldn’t hear it

5. Do you find it easy to
distinguish different pieces of
music that you are familiar with?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

6. Can you tell the difference
between different sounds, for
example, a car versus a bus; water
boiling in a pot versus food cooking in
a frying pan?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

7. When you listen to music, can
you make out which instruments are

playing?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it

8. When you listen to music,
does it sound clear and natural?

Perfectly tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Max

aid not used

or wouldn’t hear it
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9. Do everyday sounds that you
can hear easily seem clear to you (not
blurred)?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

10. Do other people’s voices
sound clear and natural?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

11. Do everyday sounds that you
hear seem to have an artificial or
unnatural quality?

Unnatural Natural tick if not applicable aid not used

[ ]

or wouldn’t hear it

0 1 2 3 4 5 6 7 8 9 10
Min Max

12. Does your own voice sound
natural to you?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

13. Can you easily judge another
person’s mood from the sound of
their voice?

Not at Perfectly tick if not applicable aid not used

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it
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14, Do you have to concentrate
very much when listening to someone
or something?

Concentrate Not need

Hard to concentrate
Mwwwww

0 1 2 3 4 5 6 7 8 9 10
Min Max

tick if not applicable

aid not used

or wouldn’t hear it

15. [for long-term BL only] If you
turn one hearing aid/implant off, and
do not adjust the other, does
everything sound unnaturally quiet?

Too quiet Not too
used
quiet
wawww
0 1 2 3 4 5 6 7 8 9 10
Min Max

tick if not applicable

aid not

or wouldn’t hear it

16. When you are the driverin a
car can you easily hear what someone
is saying who is sitting alongside you?
[use one aid, which one, why?]

aid not used

or wouldn’t hear it

17. When you are a passenger
can you easily hear what the driver is
saying sitting alongside you? [use one
aid, which one, why?]

Not at Perfectly tick if not applicable
all
wawww
0 1 2 3 4 5 6 7 8 9 10
Min Max
Not at Perfectly tick if not applicable
all
0 1 2 3 4 5 6 7 8 9 10
Min Max

aid not used

[]

or wouldn’t hear it
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18. Do you have to putin a lot of
effort to hear what is being said in
conversation with others?

Lot of No effort aid not used

effort

tick if not applicable

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

19. Can you easily ignore other
sounds when trying to listen to
something?

Not easily Easily tick if not applicable aid not used

Ignore ignore

0 1 2 3 4 5 6 7 8 9 10

Min Max

or wouldn’t hear it

20. [long-term BL]What are the
quietest sounds that you are aware
you do not hear [UNL vs BL]?

21. Are there contexts where you
definitely prefer not to use/to use
only one hearing aid/implant?

22. Are there contexts where you
definitely prefer to use a/two hearing
aid/s/implant/s?
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APPENDIX 3

Hyperacusis Questionnaire
Surname, first name: Sex: Male/Female
Age:
Profession or studies:
Place (town or area) of residence:
Telephone:
Are you or have you been exposed to noise?
Do you tolerate noise less well as compared to a few years ago?
Have you ever had hearing problems? If so, of what kind?
In the following questionnaire, put a cross in the box corresponding to the answer which

best applies to you: No Yes, Yes, Yes,
a quite a
little alot lot
1 Do you ever use earplugs or earmuffs to U U U O

reduce your noise perception (Do not consider
the use of hearing protection during abnormally
high noise exposure situations)?

2Do you find it harder to ignore sounds O O O O
around you in everyday situations?

3 Do you have trouble reading in a noisy O O O [
or loud environment?

4 Do you have trouble concentrating in noisy O O O [
surroundings?

5 Do you have difficulty listening to conversations [ 0 0 [
in noisy places?

6 Has anyone you know ever told you that you 0 0 0 O
tolerate noise or certain kinds of sound badly?

7 Are you particularly sensitive to or bothered 0 O O O
by street noise?

8 Do you find the noise unpleasant in certain O O O O

social situations (e.g. night clubs, pubs or

bars, concerts, firework displays, cocktail receptions)?

9 When someone suggests doing something 0 O O O
(going out, to the cinema, to a concert, etc.),

do you immediately think about the noise

you are going to have to put up with?

10 Do you ever turn down an invitation or not O 0 0 O
go out because of the noise you would have to

face?

11 Do noises or particular sounds bother you O O O [
more in a quiet place than in a slightly noisy

room?

12Do stress and tiredness reduce your abilityto [ O O [
concentrate in noise?

13 Are you less able to concentrate in noise O O O [
towards the end of the day?

14 Do noise and certain sounds cause you stress [ 0 0 [
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