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Abstract
The present study developed simple and rapid school-based binaural hearing tests as
part of an experimental assessment for Central Auditory Processing Disorder (CAPD),
and investigated the outcomes in relation to socioeconomic status. The investigations
were carried out in a population study on 256 primary school children from fourteen
schools within the Perth Metropolitan area. It was hypothesized that the tests results
would show a significant association with socioeconomic level based on the reported
association between CAPD and history of otitis media with effusion (OME), a disease
known to be prevalent in disadvantaged populations. A significant association would
raise concern of an underlying physiological auditory problem for the educational and
social-emotional issues often reported in this population.
The tests of binaural hearing used in this study were subjective measure of
directional hearing (DH) ability and the objective measure of binaural interaction using
the postauricular muscle response (PAMR). Both of these tests have been shown to be
sensitive to identifying subjects diagnosed with CAPD in a laboratory set-up (Zakaria,
2007). The tests were adapted for use within the school environment and implemented
in a protocol that allowed for large number of children to be tested in a relatively short
amount of time. This was done by incorporating the use of inexpensive MP3 players,
simple score sheets and automatic video marking for the lateralization test; and custommade portable two-channel equipment for the PAMR test.
Significant associations with socioeconomic status was found for both the
experimental binaural hearing tests, as well as for the standard CAPD test carried out in
this study, although only weak correlations (r = 0.16 to 0.47 ) were found between the
tests themselves. This was not unexpected, considering the heterogeneity of the disorder
and the many related issues in CAPD assessment. Despite the weak correlations,
significant differences were found between normal and at-risk-for-CAPD subjects
especially for the PAMR test, using the ratio measure of the binaural response over the
sum of the contralateral and the ipsilateral responses (T = 2.91, p = 0.004). With further
optimization of the test protocol, the two simple binaural hearing tests may prove useful
as part of a comprehensive clinical assessment for the disorder.
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1. Introduction
The aim of the present study was to develop simple, rapid and cost-effective tests of
binaural hearing as part of an assessment for Central Auditory Processing Disorder
(CAPD) within the school environment. This project was an extension of the work of
Zakaria (2007), who investigated the auditory localization ability of children diagnosed
with CAPD, using both subjective and objective measures of binaural hearing. The
tests‟ utility was explored in a population study carried out on primary school children
in high- and low-socioeconomic areas within metropolitan Perth. The simplicity of both
the subjective and objective tests developed could offer a feasible alternative for the
assessment of auditory dysfunction in the clinic, as well as for screening purposes.
Central auditory processing disorder (CAPD) has been the subject of discussion and
debate since it was first described five decades ago (Myklebust, 1954). It is still unclear
what constitutes the disorder, but few would dispute the adverse effect it has on
developing children if left unmanaged (Bamiou et al., 2001; Bellis, 2003; Katz and
Wilde, 1985; Sloan, 1998; Smoski et al., 1992). The complexity of CAPD lies in the
fact that it rarely involves obvious brain lesions. The physiology of the disorder is
vaguely understood, due to the complex neural networks and the plasticity of the brain.
Many CAPD tests currently available use difficult and extensive materials to adequately
challenge the compromised auditory system, and this have significant implications on
timing and cost. The common usage of speech materials that are highly dependent on
one‟s language ability, attention span and memory, has also made it difficult to
differentiate CAPD from other childhood disorders such as ADHD and learning
disabilities.
The significance of binaural hearing measures in the assessment of auditory
processing lies in the fact that problems anywhere in the auditory system are often
presented with symptoms that may be related to binaural hearing problems, such as
problem listening in noise and in localizing sounds (Aharonson et al., 1998; Furst et al.,
1995; Hall et al., 1984; Hawkins and Wightman, 1980; Hogan and Moore, 2003; Levine
et al., 1993; Yamada et al., 1996). These are thought to be caused by poor temporal
coding of stimulus fine structure that could result from lack of programming of the
auditory system due to auditory deprivation. The two binaural hearing tests used in the
present study were a psychophysical directional hearing (DH) test, and the binaural
measure of an electrophysiological post-auricular muscle response (PAMR) test. Both
tests were not heavily dependent on high level cognitive function. The directional
3

hearing test was a simple measure of sound lateralization, and the PAMR test has been
reported to measure auditory function up to the level of the lower brainstem (Gibson,
1975; Patuzzi and O'Beirne, 1999a), which response was recordable even in sleep
(Streletz et al., 1977). These tests were therefore thought to be more specific to auditory
function, and are less susceptible to external influences such as memory, language and
attention, which has been one of the main issues with current speech-based CAPD tests
(Cacace and McFarland, 1998).
In evaluating the utility of the DH and the PAMR tests, the applicability of both tests
in primary school children of different backgrounds was investigated and relevant issues
were identified. A standardized CAPD test battery, the Multiple Auditory Processing
Assessment or MAPA (Schow et al., 2007), was taken as the gold standard for test
comparisons, which also provided prevalence information in relation to socioeconomic
status. The MAPA, as carried out in this study, is not a diagnostic measure of CAPD,
and was only used to identify subjects at-risk for the disorder. Even though the MAPA
may not conclude the nature of the subjects‟ auditory processing ability, any
relationship found between the DH and the PAMR test with the MAPA would help in
understanding the kind of information that the tests provide.
1.1

The investigational model of the study

The basis of the present study was the observation that simple sound lateralization
could adequately identify children with CAPD, and that many of these children were
also present with abnormal binaural PAMR characteristics (Zakaria, 2007). The PAMR
is a robust auditory evoked potential that allows acquisition in a short amount of time
(O'Beirne and Patuzzi, 1999). In his study, Zakaria carried out a comprehensive
investigation on auditory localization in a controlled laboratory environment, and
suggested the type of stimuli and test conditions that would best identify CAPD
subjects. Much of Zakaria‟s information was used in the present study, which has been
repeatedly referenced throughout this thesis.
In this study, the binaural hearing tests used by Zakaria were adapted for application
in the school environment. We investigated the performance of primary school children
aged between 8 to 12 years from schools situated within high and low socio-economic
areas of metropolitan Perth, in the experimental binaural hearing tests (the directional
hearing test and the PAMR test) and standardized test of CAPD (the MAPA). To rule
out peripheral hearing problems, otoscopic examination, tympanometry, and audiometry
were conducted, which also provided general ear-health information of the students.
4

Findings from schools situated within different socioeconomic locations were compared
to investigate whether auditory processing problems could have underlie the educational
and behavioral issues often reported in this population (Bowey, 1995; Noble et al.,
2007; Walker et al., 1994).
Figure 1.1 presents the investigational model illustrating the overall procedure used
in the present study.
1.2

Thesis organization

In general, the present report presents in detail the development and protocol of the
school-based binaural hearing tests. The findings of both the experimental tests and the
standard hearing and CAPD screening tests carried out in a population study in schools
are also presented, providing information about the tests‟ utility and the estimated
prevalence of hearing problems and CAPD in primary school children within
metropolitan Perth.
The overall structure of the report is therefore as follows:
CHAPTER TWO: This chapter lays the foundation of the present study, providing
definition and description of CAPD, and discussing previous and current work, with
focus on CAPD assessment in children.
CHAPTER THREE: This chapter provides an overview of sound lateralization test, and
describes the development of the school-based psychophysical directional hearing test
used in the main population study. The preliminary findings and the pilot studies are
also presented.
CHAPTER FOUR: This chapter provides an overview of the post-auricular muscle
response, and describes the development of a portable electrophysiological PAMR test,
later used in the population study. Some preliminary findings to determine the
parameters and protocols for school testing are also presented.
CHAPTER FIVE: This chapter presents the general methodology of the population
study carried out on primary school children from fourteen schools within the Perth
Metropolitan area.
CHAPTER SIX: This chapter discusses the overall findings of the population study,
focusing on the findings of the hearing and the CAPD screening. It also discusses the
general issues experienced during the course of the study.
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CHAPTER SEVEN: This chapter describes the test process and discusses the outcomes
of the DH test carried out in the population study.
CHAPTER EIGHT: This chapter describes the test process and discusses the outcomes
of the PAMR test carried out in the population study.
CHAPTER NINE: This final chapter discusses the overall findings of the present study.

School
Test Procedures

Standard
peripheral
hearing tests

Central auditory
processing tests

Middle ear
Screening

Hearing
Screening

Experimental
tests

Standardized
test

Otoscopy
Tympanometry

Audiometry

DH test
PAMR test

MAPA

Figure 1.1. The investigational model, showing the tests carried out in the population study. Comparisons
in test performance were made between schools located within high- and low-socioeconomic areas, which
provided prevalence information in relation to socioeconomic backgrounds. DH – Directional hearing;
PAMR – Post-auricular muscle response; MAPA – Multiple auditory processing assessment
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2. Background and research plan
2.1

Introduction

This chapter gives an overview of central auditory processing disorder, with focus on
assessment in children. This is followed by a discussion of the significance of binaural
hearing, a function that has been associated with the disorder, and the relevant
diagnostic tests. At the end of this chapter, the significance and the framework of the
present study involving two investigational tests of binaural hearing are presented.
2.2
2.2.1

Central Auditory Processing Disorder (CAPD)
An overview

General description and definition
People with central auditory processing disorder (CAPD) are often described as
having perceptual auditory deficits, despite having normal peripheral hearing sensitivity
(Keith, 1999; Levy and Parkin, 2003; McFarland and Cacace, 1995). Auditory
processing disorder has been associated with many childhood problems, including
language impairment (Boets et al., 2006; Hartley and Moore, 2002; McArthur and
Bishop, 2004), reading/spelling problems (King et al., 2003; Tallal, 1980) and learning
disabilities (Iliadou et al., 2008). Problems in the processing of auditory information can
either occur in the auditory system itself, either due to neurological problems, delayed
maturation or morphological disorganization of the auditory nerves (Bamiou et al.,
2001; Musiek et al., 1994), or as a result of higher-order neurological dysfunctions that
are more global in nature, involving attention, memory and language deficits (ASHA,
1996). Popular consensus, however, has confined the definition of CAPD to being
primarily deficits in the central auditory nervous system (ASHA, 2005; BSA, 2007).
The most widely quoted definition of CAPD is that provided by the American SpeechLanguage and Hearing Association (ASHA, 2005) that defined the disorder as
difficulties in the perceptual processing of auditory information in the central nervous
system, as demonstrated by poor performance in one or more of the central auditory
processing skills, which included sound localization and lateralization; auditory
discrimination; auditory pattern recognition; temporal aspects of audition, auditory
performance in competing acoustic signals; and auditory performance with degraded
acoustic signals.
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Symptoms
The manifestations of CAPD were found to vary among individuals. Most CAPD
sufferers, however, were found to have difficulty in localizing sounds and listening in
background noise, which are the defining characteristics of CAPD (Dawes et al., 2008;
Rosenberg, 2002; Zakaria, 2007). These problems could be detrimental for developing
children who spend many hours in a day in noisy classrooms, expected to listen to
complex verbal instructions. It has also been frequently reported that children with
CAPD often seem uncertain about what they hear, frequently ask for information to be
repeated, have difficulty following oral instructions, and have poor listening skills
(Jerger and Musiek, 2000; Musiek et al., 1990; Schwartz and Gurian, 2003; Smoski et
al., 1992). The various manifestations of CAPD suggest that there exist different
subclasses of the disorder resulting from deficits in different parts of the auditory
system (Bellis, 2002).
It is important to note however, that the behavioral symptoms above are not
exclusive to individuals with CAPD. It is not uncommon for normal developing
children to also present with similar symptoms of listening difficulties, and, at the other
end of the spectrum, these behaviours may also appear in other childhood disorders,
such as attention deficit hyperactivity disorder, learning disability, autistic spectrum
disorder, or even depression (Chermak et al., 1998; Dawes et al., 2008). Although,
studies have suggested that CAPD might be the underlying cause for some of these
disorders (Ferre and Wilber, 1986; Jerger et al., 1987).
The various CAPD profiles and the symptoms it has in common with other higher
function disorders have raised many challenging issues with assessments. These issues
will be discussed later in this chapter.
Aetiology
CAPD rarely involves obvious lesions, and so far, the exact cause of CAPD remains
unknown. Birth and developmental histories are often unremarkable and there is rarely
evidence of brain damage. Studies, however, have found links to acquired and inherited
problems (Bishop et al., 2006; Morell et al., 2007; Musiek et al., 1985). The acquired
causes of CAPD in children included lead exposure (Dietrich et al., 1992), maternal
smoking and drinking (Kaneko et al., 1996; McCartney et al., 1994), and recurrent otitis
media with effusion (OME) occurring for more than 50% in the first 5 years of life
(Hogan and Moore, 2003). Many other cases of CAPD did not have any known
aetiology.
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Recurrent OME has been one of the most researched acquired causes of CAPD.
Dysfunction in the central auditory system was believed to be due to prolonged
deprivation of auditory experience in the critical developmental period, causing
maturational delay and impairing binaural hearing (Hall et al., 1995; Moore et al., 1991;
Pillsbury et al., 1991). Recurrent OME is believed, by some, to be the main aetiology
for CAPD in children (Palmer et al., 2002). The notion that CAPD can be caused by
childhood OME attracted a lot of attention, particularly because OME is treatable, and
was found to be more prevalent among the disadvantaged (Castagno and Lavinsky,
2002; Thorne, 2003; Williams et al., 2009), a population where social and educational
problems were also reported to be prevalent (Bowey, 1995; Walker et al., 1994).
Management
There is mounting evidence in both psychophysical and electrophysiological studies
to suggest that deficits in auditory processing can be alleviated with appropriate
intervention (Jirsa, 1992; Musiek and Schochat, 1998; Musiek et al., 2004; Tallal et al.,
1996). Poor performance in listening tasks due to auditory deprivation, for example, has
been known to improve with active auditory training in both humans (Merzenich et al.,
1996; Moore, 1993) and animals (Moore et al., 1999), and is believed to be attributed to
the strengthening of weakened neural connections resulting from the lack of sound
stimulation. Pharmacologic intervention has also been found to help selective auditory
attention and signal-detection in noise (Gopal et al., 2000; Tillery et al., 2000). Other
more common CAPD management includes enhancement of auditory signals by means
of preferential seating, environmental modifications, and the use of assistive listening
devices (Bellis, 2003; Chermak and musiek, 1997; Rosenberg, 2002).
Different subclasses of CAPD was said to benefit more from a certain type of
intervention strategy, appropriately addressing its underlying problems (Bellis, 2002;
Katz, 2007), promoting individualized intervention. A one-size-fits-all strategy is no
longer appropriate in remediating such a diffuse auditory disorder.
2.2.2

Tests of CAPD and the measure of auditory processing

The common aim of all CAPD measures is to challenge the compromised central
auditory nervous system enough for it to exhibit deficits that would otherwise not
manifest with standard audiometric procedures (Medwedsky, 2002).

Historically,

CAPD tests have their roots in site-of-lesion testing, with the early work carried out by
Bocca and associates (1954; 1955). Modified speech tests were found to localize central
problems in the auditory function of adult patients with temporal lobe tumours.
11

Problems in higher auditory function in children with communicative disorders, had
also been suggested by Myklebust (1954), who stressed the importance of assessing
beyond the peripheral hearing system. Similarity in behavioural symptoms of some
children with communicative problems with adults who had suffered lesions in the
central auditory pathways, prompted investigations in CAPD and the development of
specific diagnostic tools.
Audiological investigations of central auditory dysfunctions and the development of
formal assessment procedures and instruments were actively led by Keith in the 1970s.
Several investigators contributed ideas in this early work, with suggested tests
including, but not limited to, the synthetic sentence identification (SSI) test, the
staggered spondaic word (SSW) test, time-altered speech test, binaural fusion test,
filtered speech test, dichotic listening test, and pitch pattern test (Keith, 1977). Indeed,
most tests of CAPD have a much longer history, with some originally designed for use
in other areas, as medical site-of-lesion tests for adults, and as language tests in speech
and language pathology.
The following briefly describes some of these tests:
Behavioral tests
One of the oldest behavioural tests used to assess the CANS were the monaural lowredundancy speech tests, first described by Bocca et al. (1954; 1955). Speech signals
are degraded in the frequency/spectral, temporal or intensity domains with the aim of
reducing the inherent redundancy in the CANS, making the test sensitized to detecting
CANS pathology. Tests that are said to be in this category are the filtered speech tests
(Bocca et al., 1954) and the speech in noise test (Sinha, 1959).
One other well documented and widely used test of auditory processing was the test
of dichotic listening, where different signals are presented simultaneously to each of the
ears. The test was first introduced by Broadbent (1954), and expanded for use in the
assessment of central auditory function by Kimura (1967). Dichotic listening tests were
reported to assess hemispheric function, inter-hemispheric transfer of information,
identification of lesions, and the development and maturation of the auditory nervous
system (Musiek, 1983; Musiek et al., 1984). Variations of such dichotic listening tests
exist today, but differ in the type of stimuli used and in their administration. These
include the dichotic digits test (Musiek, 1983), the competing-words test (Keith, 1986),
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the SSW test (Katz, 1962), and the competing-sentences test (Keith, 1998; Keith,
2000a).
Another form of testing that makes use of the function of both ears is the measure of
binaural interaction. Binaural interaction is the mechanism fundamental to sound
localization and hearing in noise (Bamiou, 2007). It depends on the complementary
input received from the two ears, where comparison and analysis occurs first at the level
of the superior olivary complex, and subsequently in two more rostral nuclei of the
auditory brainstem, the nuclei of the lateral lemniscus (NLL) and the inferior colliculus
(IC). Tests of binaural interaction include binaural masking level difference (BMLD),
originally described by Hirsch (1948) for pure tones and Licklider (1948) for speech;
the sound localization/lateralization test based on the precedence effect developed by
Cranford et al. (1990); and the rapidly alternating speech perception (RASP) test
developed by Willeford (1977). Tests of binaural interaction were said to be sensitive
to brainstem dysfunction (Aharonson et al., 1998; Furst et al., 2000; Jerger and Jerger,
1974).
The inclusion of temporal processing tests in the assessment of auditory function has
been emphasized in recent years (Domitz and Schow, 2000; Jerger and Musiek, 2000;
Musiek et al., 2005). Temporal processing can be observed at many levels of the
auditory system, ranging from the most basic level of neural timing in the auditory
nerve to cortical processing for binaural hearing and speech perception (Shinn, 2007).
There are basically four subcomponents of temporal processing. First, is temporal
ordering or sequencing that was said to precede the development of language (Furth and
Youniss, 1967), and was found to be related to the perception and the production of
speech (Fu, 2002; Neff, 1961). Examples of tests of temporal sequencing are the
frequency pattern test (Pinheiro and Ptacek, 1971) and the duration pattern test
(Pinheiro and Musiek, 1985). Second, is temporal resolution or discrimination, with
tests such as random-gap detection test (RGDT) (Keith, 2000b) and gap-in-noise (GIN)
test (Musiek et al., 2005). Third, is temporal integration or summation that can be
measured by studying the time-intensity trade-off function (Durrant and Lovrinic,
1995). Finally, is temporal masking test that measures the shift in sound threshold due
to the presence of another sound which precedes or follows it (Durrant and Lovrinic,
1995). Overall, the most commonly used temporal processing tests (especially in
children) are the frequency pattern test, the RGDT and the GIN test because of their
ease of administration.
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Objective tests
Tests of central auditory dysfunctions are not limited to subjective tests alone.
Electroacoustic and electrophysiologic measures have also been suggested for the
assessment of CAPD, on the basis that they are minimally affected by extraneous
variables that usually confound behavioural measures of auditory processing (Jerger and
Musiek, 2000). Because the anatomical pathways of most objective tests can be defined
to a certain degree, the tests are particularly useful in making differential diagnosis of
site of dysfunctions. The acoustic reflex test, for instance, has long been used for the
assessment of the binaural auditory pathways in the lower brainstem (Downs and Crum,
1980; Jerger, 1980). A link to CAPD was suggested by Thomas and associates (1985),
who found abnormalities in the ipsilateral and contralateral acoustic reflex in 37% of
“normal hearing” subjects who had been referred for suspected delay in language,
learning disabilities or disorders of auditory processing.
Otoacoustic emission testing has also been suggested to be useful for CAPD
assessment, in particular the measure of contralateral suppression of the transient
evoked otoacoustic emission (TEOAE). The inhibitory function of the efferent medial
olivocochlear bundle (MOCB) on outer hair cells is said to underlie this function
(Dewson, 1968). The suppression effect has been found to be significantly reduced in
children with CAPD, when compared to normal controls (Muchnik et al., 2004; Sanches
and Carvallo, 2006).
Electrophysiological measures have recently been proposed as an addition to the
measures of the CANS function (Jerger and Musiek, 2000), with such tests as Middle
latency responses (MLR), Mismatch Negativity (MMN), and late latency responses
including N1, P2 and P300. Abnormalities in the amplitude and latencies of these
responses have been reported in the presence of central auditory problems or associated
disorders (Kileny et al., 1987; Kujala and Naatanen, 2001; Tonnquist, 1996). Recently,
the early auditory brainstem response (ABR) has also been shown to have value in
CAPD assessment, using the measures of binaural interaction (Delb et al., 2003; Gopal
and Pierel, 1999).
Screening tests
Currently, there is no universally accepted method for screening. Keith (1986)
developed the first standardized screening test for CAPD in children. The SCAN test
consists of three subtests, incorporating some of the tests mentioned above: filtered
words, auditory figure ground (a version of the speech in noise test), and the competing
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words subtests. The test was later revised after receiving some criticism on its
standardization procedures and test-retest reliability (Amos and Humes, 1998). The
revised version or the SCAN-C was improvised by the addition of the competing
sentences test, better standardization procedures, and better quality recordings (Keith,
2000c). However, there were still issues with sensitivity, and that it did not include the
measure of temporal processing (Domitz and Schow, 2000).
The Multiple auditory processing assessment (MAPA) is another screening battery
for CAPD (Schow et al., 2007), which involves a number of tests that have been
reported to measure three different auditory skills, investigated using factorial analysis.
They include, with recommended acronyms (i) the monaural separation closure (MSC),
(ii) the auditory pattern/temporal ordering (APTO), and (iii) binaural integration/
binaural separation (BIBS).
Other tests that have also been suggested for screening were the selective auditory
attention test (SAAT) (Cherry, 1980), the double dichotic digits test (Musiek, 1983;
Musiek et al., 1991), and the gap detection test (Keith, 2000b). The double dichotic
digits test has been normalized for different age groups, not heavily loaded linguistically
and is simple and quick to administer (Musiek et al., 1991). The gap detection test has
only been recently proposed as a screening process for temporal processing (Jerger and
Musiek, 2000).
Questionnaires
Simple qualitative information from parents and/or teachers about a child‟s listening
abilities across different environments and situations were also reported to have value in
CAPD identification (Bellis, 2003). They provide insights into a child‟s functional
listening abilities in an objective manner, and provide clues to which assessment and
management protocol is effective for the individual child. The two questionnaires that
are commonly used in obtaining information about auditory function in children are the
children‟s auditory performance scale (CHAPS; Smoski, Brunt & Tannahil, 1998) and
the Fisher‟s auditory processing checklist (Fisher, 1976). Both tests consist of rating
scales that indicate the degree of difficulty in various listening situations. Other
questionnaires that investigate more general behaviour patterns related to psychological
or attentional behaviours have also been used to assist clinicians in obtaining
information about a child‟s cognitive function (Bellis, 1999).
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2.2.3

Issues in CAPD assessment

There is currently a lack of consensus about which test would be most effective in
identifying CAPD, in both the diagnostic and screening situation. The development of a
test protocol has to work around the following issues.
The heterogeneous nature of CAPD
Central auditory processing involves a vast network of neural connections with
multiple pathways and crossings, inter-tract and inter-hemispheric connections, and
projections to the primary and secondary cortical areas (Poremba et al., 2003; Rappaport
and Provencal, 2002; Salvi et al., 2002). Because CAPD in most cases does not involve
any obvious lesions, identifying the location and the extent of the auditory dysfunction
amidst the intricate neural network has proven to be a great challenge that cannot rely
on any one test (Keith, 1977). Willeford (1977) was the first to introduce a test battery
approach, incorporating a number of tests that assesses different auditory skills. Each
test in the battery should complement the results of the other, so that sub-profiling of
CAPD can be done for the individual subjects, and individualized intervention can be
provided.
However, finding which tests to include in a test battery is not a simple matter.
Studies by several investigators have found that there was no predictive relationship
between CAPD measures and the central abilities that they were purported to measure,
such as gap detection with reading or spelling abilities (Watson and Kids 2002, Bishop
et al., 1999). Apart from the extent of the deficits affecting the auditory system, this lack
of correlation can be attributed to the individual‟s unique make up of bottom-up and
top-down processing (ASHA, 2005). Bottom-up processing is the automatic and realtime analysis and comparison of distinctive acoustic features, while top-down
processing involves cognitive function that puts meaning to the information, using
factors such as attention, memory, cognition and language (Wible et al., 2005). At
present, it is unclear which type of processing disorder is predominant in CAPD,
resulting in disagreement on which type of assessment should be undertaken. A
proponent of the view that CAPD is primarily a bottom-up processing disorder would
focus on tests that are minimally affected by higher-order functioning, such as language,
memory and attention (e.g. double dichotic digit test; Musiek, 1991). On the other hand,
a proponent of the view that CAPD is primarily a top-down processing disorder would
use tests that relate to the functioning of everyday activities, taking into account factors
such as language, memory and attention (e.g. the SSW test; Katz, 1962).
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Lack of information on test sensitivity and specificity
The ability of a test to perform its function is determined by its sensitivity and
specificity. Unfortunately, because of the obscure nature of CAPD, there exists no gold
standard with which sensitivity and specificity can be determined with certainty.
Without accurate measures, there is a possibility of misdiagnosis, due to the many
shared symptoms with other childhood disorders, including ADHD, learning disabilities
or language problems.
ASHA (2005) has recommended that test sensitivity, specificity and efficiency
should be “derived from patients with known, anatomically confirmed central auditory
dysfunction”, as was also suggested by Musiek and Chermak (1994). This, however, has
its issues, as most lesion studies have been carried out on adult subjects. Tests that have
been found to be sensitive in testing adults are not necessarily sensitive in testing
younger subjects, especially when behavioural measures are applied. Studies have
shown that children produce a wider range of performance when compared to adult
subjects, mainly due to factors such as neuromaturation, auditory experience, and
attention and motivation levels.
2.2.4

The issue of cost and benefit of CAPD tests

The issue of CAPD assessment is not only limited to test availability and reliability.
Even more important may be matters of feasibility and cost-effectiveness of the tests to
be included in the battery. As described earlier in the chapter, for different types of
dysfunction in the CANS there are tests that purport to measure them, but many of these
tests are not routinely applied because of factors such as testing time, ease of
administration and cost. Because tests of CAPD are intended to identify the subtle
weaknesses in the central auditory system, most of the tests are „difficult‟ by design,
requiring lengthy test time, with implications for cost and test reliability. Consideration
of the cost-benefit of a particular test or test battery is integral to ensuring that the test/s
could be routinely applied. The main reason why some resist the idea of including
electrophysiological measures in CAPD testing (Katz, 2002), is because of the length of
time it takes to complete these tests, and because of the cost of the equipment, and not
their diagnostic value per se. The issue of cost and benefit are more obvious in
screening, where the target population is larger and more diverse.
2.2.5

Prevalence

Due to the heterogeneity of CAPD and the lack of a gold standard for testing, it is not
surprising to find very few data on the prevalence of CAPD in the general population.
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Having said this, there have been a few attempts to determine its prevalence in children.
The most quoted were by (Bellis, 2003) and Musiek et al. (1990) who estimated an
occurrence of 3 to 7 %, and by Chermak and Musiek (1997) who estimated 2-3%
occurrence with a 2:1 ratio between boys and girl.
2.2.6

Current trend in CAPD assessment and management

There are currently two theoretical approaches to CAPD assessment and
management that are gaining popularity in the clinical population: the Bellis/Ferre
model that was based heavily on a bottom-up approach (Bellis, 2003), and the Buffalo
model which takes a more top-down approach (Katz, 2007).
The Bellis/Ferre model categorizes CAPD subtypes based on patterns of
performance deficits that are consistent with dysfunction in various brain regions.
Basically, there are three primary subtypes of CAPD, as defined by the Bellis model,
that are consistent with left-hemisphere, right-hemisphere and inter-hemispheric
dysfunction. Each of the three main subtypes is defined by a different pattern of
performance in central auditory testing, as well as different functional learning,
language and communication sequaelae. These profiles can occur on their own or in
combination, but deficits in all three categories would suggest a higher-order
dysfunction rather than CAPD.
The Buffalo model, on the other hand, has based its categorization on studies of brain
lesion subjects. It consists of a three-test diagnostic battery: the SSW, the phonemic
synthesis, and the speech-in-noise test, that help classify CAPD into four categories.
The categories include decoding, tolerance-fading memory, integration and organization
categories, and these are not mutually exclusive. These categories are used in the
development of a treatment plan for the remediation of CAPD, which mainly involves
active auditory training. This model also incorporates questionnaires, as well as inputs
from parents and teachers for the verification of test findings and the outcome of
therapeutic procedures.
A common factor in both models is that they are multidimensional, not only in the
incorporation of a number of tests measuring different processes/mechanisms in the
auditory system (including a comprehensive assessment to rule out peripheral hearing
dysfunction), but also they advocate involvement of a multidisciplinary team.
Regardless of the approach taken, comprehensive assessment involves a number of
elaborate and expensive tests, with implications for individual and public resources. As
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a result, Bellis (2003) has emphasized the importance of effective screening procedures,
so that only those who are at risk for CAPD are tested with the more expensive tests.
2.2.7

Screening for CAPD

Musiek, Gollegly, Lamb, and Lamb (1990) have listed the following five reasons for
why a screening program for CAPD is necessary: (i) It would help identify conditions
that may require medical attention; (ii) it would help increase educators‟ and parents‟
awareness about CAPD, (iii) it would reduce the "shopping around" associated with
attempts to determine the cause of a particular child‟s listening and learning difficulties;
(iv) it would minimize psychological factors on the part of the child arising from
anxiety, stress, and fear of the unknown; and (v) it would allow for insightful
educational planning, based upon the individual child‟s auditory strengths and
weaknesses.
As earlier mentioned, due to the issues surrounding CAPD assessment, there is still
no universally accepted method of screening for CAPD. Existing screening tests often
used questionnaires, and behavioral measures of assessment, which effectiveness is
limited because of the similarity (from a behavioural checklist standpoint) with other
childhood problems, and confounding issues from factors such as language ability and
attention. Clearly, there remains a need for an efficient tool for screening that is less
affected by these factors.
2.3

Evaluation of CAPD using tests of binaural hearing

As mentioned earlier, the current approach to CAPD assessment is to carry out
multiple tests to identify the affected auditory function, or functions in the case of
multiple aetiologies. However, one of the main problems experienced by many CAPD
subjects seems to be related to binaural hearing ability (Jerger et al., 1999; Keith et al.,
1989; Olsen et al., 1975), which suggests that it may be one of the most important
auditory processes that need to be assessed. Binaural hearing ability has also been
identified by ASHA (2005) as one of the main test to be included in a CAPD test
battery.
2.3.1

Binaural Hearing Mechanism

The ability to localize sounds and discriminate speech in a noisy environment can be
mainly attributed to binaural hearing mechanism that looks at disparities in temporal
(timing) and intensity information of the stimulus reaching the two ears (Palmer et al.,
2002). The neural input from both ears travels up the auditory pathways and interact at
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different levels of the brain, where spatial and spectral integration takes place. Figure
2.1 shows the binaural hearing pathways, where both sides of the brain are
interconnected at different levels, with the first interaction occurring at the level of the
superior olivary complex.

Figure 2.1. Schematic representation of the major aspects of the ascending central auditory pathways.
A, anterior ventral cochlear nucleus; D, dorsal cochlear nucleus; CIC, commissure of the inferior
colliculus; CLL, commissure of the lateral lemniscus; das, dorsal acoustic stria; ias, intermediate acoustic
stria; vas, ventral acoustic stria. Adapted from Gelfand, 2004.

Interaural differences are believed to be the reason for our ability to localize sounds
(Jeffress, 1948; Wallach et al., 1949), and to contribute to segmentation of acoustic
signals into different acoustic streams, a phenomenon in which stimuli with similar
elements will be grouped together (Yost, 1997; Bregman, 1978, 1990). This is
presumed to underlie our ability to separate sounds, thus maintaining perceptual
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separation of two or more competing stimuli, allowing selective attention to target a
message in the presence of noise.
Data from patients with focal lesions to the brainstem (due to infarct, trauma or
multiple sclerosis) have shown that the dorsal nucleus of the lateral lemniscus and the
inferior colliculus are largely responsible for binaural hearing (Furst et al., 1995;
Litovsky et al., 2002). The mechanism behind the dysfunction is thought to result from
a disruption/lesion to the bilateral pathways, preventing comparison of stimulus features
from both ears.
2.3.2

Behavioral tests of binaural hearing

As mentioned earlier in this chapter, the integrity of binaural hearing can be
measured using a number of tests. These include the dichotic listening test, the BMLD,
the sound lateralization test, the RASP, the LISN test and the binaural fusion test.
Binaural hearing test that has been suggested to be effective for CAPD screening and
diagnosis is the double dichotic digits (DD) test (Musiek, 1983). It has a light linguistic
load, with less demand on language ability, attention and memory. Unfortunately, the
test has a ceiling effect when used with older children above 10 years old (Moncrief and
Musiek, 2002), where a child can easily obtain the maximum score even when a
problem is present due to the low verbal workload and the limited number of choices for
each trial.
The BMLD and the sound lateralization tests are two other tests that are easy to
administer and not heavily dependent on high level cognitive function, and were
reported to be sensitive to problems in the auditory brainstem (Besing and Koehnke,
1995). The BMLD test was designed to demonstrate the ability to detect sound in noisy
environments using a laboratory model for the binaural contribution to the cocktail party
phenomenon (Cherry, 1953), which describes the ability to focus one's listening
attention on a single talker among a mixture of conversation and background noises.
The test measures the difference (in dB) of a masked threshold when the signal and
masker in both ears are in phase and 180 ° out of phase. The difference measured would
reflect the ability of the hearing system to make use of binaural cues in noisy listening
situations (Hirsh, 1948; Jeffress, Blodgett, & Deatherage, 1952). The BMLD test had
been reported to be sensitive to brainstem dysfunction and has been used as a diagnostic
test in a variety of applications, including the diagnosis of brainstem tumors and
multiple sclerosis (Hannley et al.,1983; Olsen, Noffsinger, & Carhart, 1976).
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Sound localization/lateralization tests share similar mechanism with the test of
BMLD in that both utilize the interaural difference cues, which requires a listener to
indicate the position of a sound source (free-field localization test) or an auditory image
(headphones lateralization test; different sound positions are simulated by varying the
intensity and/or timing differences between ears). A recent study by Zakaria (2007)
reported that headphone lateralization test using high-pass noise stimuli is sensitive in
identifying subjects with CAPD.
In recent studies, attempts have been made to simplify the sound lateralization test
using MP3 players and simple score sheets with promising results (Clark, 2007; Parker
and Patuzzi, 2005). The ease of administration using such procedures was thought to
encourage more routine clinical use or allow for the test to be included in a screening
protocol for CAPD.
2.3.3

Objective tests of binaural hearing

It is generally accepted that there is value in including objective measurements in
CAPD assessment (ASHA, 2005; King et al., 2002; Kraus et al., 1993; Purdy et al.,
2002). It is possible to estimate the region of dysfunction using objective measures,
because the anatomical correlates are better defined. There are, however, very few valid
and feasible methods of objective assessments when it comes to measures of binaural
hearing. One such method is the binaural interaction component (BIC) of the auditory
brainstem response (ABR), first formally described by Dobie and Berlin (1979). The
BIC can be defined as a difference waveform, derived by subtracting a binaural
response from the sum of its monaural responses (Jewett, 1970). This difference
waveform for the ABR has been linked to the function of binaural interaction through
studies of interaural acoustic disparities (Fowler, 1989; Jones and Van der Poel, 1990;
Prasher et al., 1981). The BIC was found to occur in the latency range of ABR waves
IV, V and VI, with the most consistent and prominent BIC component occurring at the
latency range of wave V, providing evidence that the binaural interaction begins in the
brainstem. The BIC was also measurable using the auditory middle latency response
(AMLR) and the auditory late latency response, which suggests that binaural processing
occurs throughout the auditory system. Studies have reported that the BIC was small or
absent in subjects with sensorineural hearing loss (Kelly-Ballweber and Dobie, 1984),
brainstem lesion (Hausler and Levine, 1980) and CAPD (Gopal and Pierel, 1999; KellyBallweber and Dobie, 1984), and also when the mechanism of binaural processing was
immature or underdeveloped, such as in babies or in cases of auditory deprivation.
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A significant reduction in the BIC of the ABR in a majority of children with or atrisk for CAPD (Delb et al., 2003; Gopal and Pierel, 1999), and a reported sensitivity of
76% (Delb et al., 2003) said to be comparable to subjective tests results of patients with
defined neurological disorders, makes the BIC of the ABR a potentially valuable
addition to CAPD testing.
Aside from auditory neurogenic responses, one study has also investigated the
difference waveform of the post auricular muscle, and reported similar potential in
identifying CAPD ( Zakaria, 2007). The PAMR is recordable at a later latency than the
ABR as illustrated in Figure 2.2. Compared to the ABR, the PAMR has a significantly
larger amplitude of up to 200 µV, while the amplitude of the ABR is approximately 0.5
µV.The PAMR is so robust that it is often visible even in the raw traces, and because of
its large signal to noise ratio, a reliable PAMR can be obtained without the need for too
many averages (O‟Beirne and Patuzzi, 1999).

Figure 2.2. (A) The averaged PAMR is a large bipolar muscle action potential with the peak latency of
12.5 to 15 ms, compared to the smaller ABR waveforms in the first 10 ms. (B) PAMR is found to be
clearly visible in the five raw (unaveraged) waveforms. Taken from O‟Beirne and Patuzzi (1999).

The PAMR has not attracted much interest for many years because of its perceived
inconsistency and variability, but a recent series of investigations conducted by the
research group at The University of Western Australia has renewed interest in the
response (O'Beirne and Patuzzi, 1999; Patuzzi and O'Beirne, 1999a; Zakaria, 2007).
One, in particular, is the possibility of controlling PAMR variability by means of lateral
eye gaze (Patuzzi and O'Beirne, 1999a) which has been applied in Zakaria‟s study.
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2.4

Significance of the present study

Although it is acknowledged that CAPD is a disorder that could arise from multiple
aetiologies, assuming that CAPD has a single underlying aetiology could help to
identify the patterns of dysfunction: whether the disorder is predominantly defined by a
dysfunction in bottom-up processes, top-down processes or of equal dysfunction of both
processes in the auditory pathway. In this study, an assumption was made that binaural
hearing problems was the main aetiology for CAPD and it was therefore hypothesized
that binaural hearing tests would have the highest sensitivity in identifying subjects with
CAPD.
ASHA (2005) has suggested to include sound localization/lateralization test as part
of a comprehensive CAPD assessment, but those presented in research papers involved
an elaborate set-up of multiple high-quality speakers in a soundproof room, or use
sophisticated virtual sound fields (Besing and Koehnke, 1995), which currently limits
their usage mainly for research. Electrophysiological tests have also been suggested
(Jerger and Musiek, 2000), but these tests are known to be expensive and time
consuming, resulting in limited use in the clinic, and are never applied for screening.
We were interested in the two tests investigated by Zakaria (2007), the headphone
lateralization test and the PAMR test, which did not involve the use of expensive
equipment. The tests also did not use speech stimuli, which therefore should have
minimal influence from confounding factors, such as language, attention and memory.
Despite their simplicity, both tests were reported to be sensitive to identifying subjects
with CAPD (Zakaria, 2007).

Considering that both tests are presented at supra-

threshold levels, the tests could be effectively adapted for use in a less than ideal
environment without the need for expensive test chambers. The PAMR test is also
believed to be less susceptible to slight background noise, due to its large amplitude
response.
The tests were adapted for use in the school environment and for testing large
number of primary school children. Although testing was done at school, applicability
could also be considered for clinical situation. For the sound lateralization test, we
incorporated the use of MP3 players and designed simple score sheets that allowed
simultaneous testing of a group of children. For the PAMR test, we developed portable
two-channel test equipment, and optimize the stimulus configuration to allow for rapid
binaural recording of the PAMR.
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The relationship between the outcome of the binaural hearing tests carried out in this
study and subject‟s auditory processing ability was assessed by comparing the
experimental tests with a standardized CAPD screening test, the Multiple Auditory
Processing Assessment (MAPA). Although the MAPA would not be able to diagnose
subjects with CAPD, it would indicate at-risk subjects and suggest which auditory
domains that is likely to be affected. Comparison between the subtests of the
experimental and the standard MAPA tests, although not ideal, would help to identify
patterns of dysfunctions of CAPD.
The testing was also carried out in schools situated within different socioeconomic
areas. Because there have been reports of an association between CAPD and histories of
recurrent middle ear problems (Gravel et al., 2006; Moore et al., 2003), and middle ear
problems have been known to be prevalent in disadvantaged population (Castagno and
Lavinsky, 2002; Thorne, 2003), we hypothesized that performance in both the
experimental binaural hearing tests and the standardized CAPD testing would be
significantly poorer in low compared to high socioeconomic schools. Considering that
the educational and social-behavioral performance were also reported to be poor in
these schools (Bowey, 1995; Walker et al., 1994), any indication of the presence of an
underlying physiological problems should have implication on health and education
policy.
2.5

Research objectives

The objectives of the present study therefore included:
1. describing the development of two tests to screen the binaural hearing abilities of
children in the school environment: the DH test and the PAMR test. .
2. identifying if any relationships exist between the performance of children on the
DH and the PAMR test, and the sub-tests of the MAPA, in the school
environment.
3. determining if performance on the DH test and PAMR test predicts performance
on the MAPA subtests in children in the school environment.
4. determining if a relationship exists between the socioeconomic status of the
participating schools and the performance of the participating children on the
DHT, PAMR and MAPA.
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Aside from CAPD, the design of the present study also allowed a preliminary look
into the possible use of the group MP3 directional hearing test as indicators of the
presence of significant hearing problems, where we examined the correlation between
the volume adjusted by the subjects and the subject‟s averaged hearing level.
There has also been interest in the recent years in using the PAMR test as a costeffective alternative for objective hearing screening in children (O'Beirne and Patuzzi,
1999; Patuzzi and O'Beirne, 1999b; Patuzzi and Thomson, 2000; Purdy et al., 2001;
Purdy et al., 2005). This study investigated the occurrences of the PAMR and its
properties, adding to the basic understanding about the myogenic response for the
purpose of evaluating hearing.
2.6

Research stages

The research project involved three major stages. First, the software and hardware
for the school-based binaural hearing test were developed to allow for effective testing
within the school environment. Second, preliminary studies on normal subjects were
undertaken to determine the optimal testing protocol for use in later population study.
Finally, a population study was carried out on primary school children from fourteen
schools within the Perth metropolitan area.
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Chapter 3
The group MP3 directional hearing test - An overview, test
development and some preliminary findings
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3. The group MP3 Directional Hearing Test – An overview, test
development and some preliminary findings
3.1

Introduction

Directional hearing refers to our ability to localize sounds in space, which relies
primarily on our binaural hearing integrity. There are many ways to measure one‟s
directional hearing, as described in the previous chapter, but the method used in this
study applied the measure of sound lateralization, or the ability to make graded left/right
judgments through headphones.
The directional hearing (DH) test developed in this study was based on the work of
several investigators at UWA. In particular, that of Zakaria‟s (2007), who found that a
sound lateralization test using noise stimuli was effective in identifying subjects with
CAPD. The objective of the DH test developed was to take the sound lateralization test
concept, known to be valuable in the assessment of higher auditory function, out of the
ideal research environment and into the less than ideal environment of a school setting,
for use as a screening tool. This was achieved by implementing a group test procedure,
using inexpensive MP3 players, and using simple straight lines on score sheets to
represent the perceived source azimuth as the response measure. The findings of this
study also provided information on the children‟s directional hearing ability, and the
possible use of MP3 player technology in mass hearing screening.
This chapter mainly focuses on the development of the MP3 DH test, which was
used in a later population study carried out at primary schools within metropolitan Perth
for children between the ages of 8- 12 years old. The results of this MP3 DH test are
presented in Chapter 7. Because the population study involved large number of subjects,
which in turn produced a large number of responses, we also developed computer
programs to simplify the process of data collection and interpretation. A simple webcam
was used to automatically capture the data points from the score sheets, which was later
automatically scored. The development of the automatic data scanning and scoring
software is also described in this chapter.
3.2

Overview on sound lateralization

Sound lateralization is a function of binaural interactions (the way the two ears work
together), reflecting the integrity of the binaural hearing system (Bamiou, 2007). The
term lateralization is used to describe judgments made under headphones, where sounds
are perceived to be coming from inside the head, while the term localization is used
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when judgments are made in free-field, where sounds are perceived as being outside the
head. The ability to lateralize or to localize sounds can be mainly attributed to how the
binaural hearing system encodes and processes two major binaural cues: the interaural
timing difference (ITD) and the interaural intensity difference (IID). In natural settings,
differences in the physical properties of a sound reaching the left and right ears mainly
arise from the relative distance of the ears to the sound source, resulting in the sound
reaching the ears at different times (ITD), and also at different intensities (IID) due to
the acoustic shadow cast by the head (Palmer et al., 2002). The ITD and IID can be
produced under headphones by varying the timing and intensity of stimuli to the left and
right ears. The advantage of using the closed-sound-field lateralization method is that it
allows extremely precise control of the properties of the acoustic stimuli, and the
disparity in the signal timing and intensity at the two ears.
Binaural interaction first takes place in the sub-nuclei of the superior olivary
complex (SOC), which receive projections from the ventral cochlear nucleus (VCN) of
both ears (Moore, 1991). Interaction also occurs at the nuclei of lateral lemniscus (LL)
and the inferior colliculus (IC). The binaural processing that occurs at the SOC deals
with spatial information (Moore, 2000). This information is passed on to the inferior
colliculus (IC), where spectral analysis is also carried out (Davis, 2005). The lateral
superior olive (LSO), consisting of predominantly EI (Excitatory-Inhibitory) cells, is
mainly responsible for the processing of IIDs. The medial superior olive (MSO), on the
other hand, is responsible for the processing of ITDs, with a majority of its cells being
EE (Excitatory-Excitatory) cells. EI cells are cells that are excited by ipsilateral stimuli
and inhibited by contralateral ones, while EE cells are cells that are excited by both
ipsilateral and contralateral stimuli (Pickles, 1988).
3.2.1

Interaural information and sound lateralization in normal hearing individuals

The sensitivity to changes in ITD and/or IID of a sound (i.e the threshold of the
disparity), and the extent of the lateral displacement perceived by a listener, depend on
the type and frequency of the stimuli, the magnitude of the disparity, and the function of
the binaural hearing system (Bernstein, 2001; Furst et al., 2000; Hawkins and
Wightman, 1980; Henning, 1980; Henning and Ashton, 1981; Lewald et al., 2004;
Middlebrooks and Green, 1991; Nuetzel and Hafter, 1976).
Interaural timing difference (ITD)
Normal hearing listeners were said to be able to identify ITDs for pure tones of
frequencies below 1300 Hz to 1500 Hz, down to as small as 13 to 30 µsec (Zwislocki
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and Feldman, 1956), but were insensitive to ITDs of higher frequency pure tones.
However, within complex waveforms, normal listeners were able to discriminate ITDs
of high frequency stimuli above 1500 Hz (David et al., 1959; Klumpp and Eady, 1956;
Leakey et al., 1958), but at two to ten times larger than the ITDs of low frequency
stimuli. Leakey et al. (1958) attributed the sensitivity to high-frequency ITDs to the
“correlated nature of the envelopes of the signals at the two ears, and not upon their
carrier”. This was later supported by other investigators (eg. Henning, 1980; Henning
and Ashton, 1981; Nuetzel and Hafter, 1976), who also found that for complex stimuli,
there was a dichotomy in the processing of ITDs. For high frequency stimuli, the ears
were found to be sensitive to the envelope and not the cycle-to-cycle disparities in the
fine structure of the waveforms, while the reverse is true for low frequency stimuli,
where the processing of ITDs were found to be mediated by the cycle-by-cycle
disparities instead of the waveform‟s envelope.
The same was found to be true for the measure of lateral displacement, where ITDs
for pure tones above 1500 Hz were found to have little effect on the lateral position of
an acoustic image (Schiano et al., 1986), but changes to the perception of sound
laterality of high-frequency complex waveforms was found to change with ITDs
(Nuetzel and Hafter, 1976), which again can be attributed to the envelope-based
disparities of the waveforms. As with threshold of ITD, the extent of laterality of high
frequency complex waveforms was found to be far less potent than that produced by
pure tones and low-frequency complex stimuli. This was reported to be due to the
differences in the waveforms‟ transient features, where the fine structures of the lowfrequency pure tone or complex stimuli provided more distinct time cues than those of
the envelope of the high frequency stimuli (Blauert, 1982).
Interaural intensity difference (IID)
Normal hearing listeners were found to be able to detect differences in IID of as
small as 1 to 3 dB for high frequency stimuli of above 1500 Hz to 3000 Hz (Blauert,
1997; Yost and Dye, 1988). In the natural environment, the degree of sound attenuation
caused by head shadow effects is associated with the wavelength of the signal, or the
sound frequency. Signals with short wavelength (i.e. high frequency stimuli) are
attenuated the most, because the path of the signal can be easily interrupted by the
listener‟s head. The long wavelength of low frequency signals, however, was found not
to be adequately shadowed by the head, and therefore, seldom provides sufficient
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intensity cues at these frequencies. In accordance with this, the ears were found not to
be sensitive to the IIDs of low frequency pure tone stimuli below 1 kHz (Irvine, 1992).
3.2.2

Sound lateralization test as a measure of higher auditory dysfunction

Problems in sound lateralization have been often documented in patients with
retrocochlear problems. Abnormal performance has been found in people with
peripheral hearing problems (Besing and Koehnke, 1995), pontine lesions (Aharonson
et al., 1998; Furst et al., 1995; Furst et al., 2000), and lesions within the auditory cortex
(Yamada et al., 1996). However, problems in the auditory nerve and the brainstem were
found to have the greatest impact on sound lateralization (Jerger and Jerger, 1974).
The measure of sound lateralization was also found to be more sensitive than the
measure of thresholds of interaural disparity (or the measure of just noticeable
difference or JND) (Furst et al., 2000), though this very much depend on the type of
stimulus used and the type of binaural cues applied. Besides indicating the presence of
abnormality in the brainstem function, the pattern of lateralization was also found to
provide information concerning the lesion type and site of dysfunction. Problems in the
caudal part of the pons (e.g. SOC) tended to show a centre-oriented response, where
subjects perceived sounds to come from the midline, while problems in the rostral parts
of the pons (e.g. LL or IC) showed more side-oriented responses, where subjects tended
to perceive sounds coming from either side of the ear. The extent of laterality was also
reported to be correlated with the extent of the lesion.
The ITD cue was found to be the most sensitive in identifying problems in the
auditory system (Furst et al., 2000; Yamada et al., 1996). Though the IID cue is less
sensitive in identifying disturbances, its measurement may provide some information
about the site of dysfunction or the severity of the problem, as there seems to be
separate pathways for the detection of ITDs and IIDs (Furst et al., 2000; Griffiths et al.,
1998). Lateralization tasks using high-pass noise (HPN) and narrow-band noise (NBN)
stimuli were reported to be more sensitive detectors of abnormalities within the auditory
system than using low-frequency stimuli or clicks (Aharonson et al., 1998; Levine et al.,
1993; Zakaria, 2007).
3.2.3

Sound lateralization test as a measure of CAPD

There are not many sound lateralization studies done on subjects with CAPD, though
deficiency in sound lateralization has been reported to be one of the characteristics of
the disorder (ASHA, 1996). One such study was by Zakaria (2007), who investigated
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sound localization and lateralization ability of adult subjects and children with severe
cases of CAPD based on the findings of their SCAN A and SCAN C tests. He found
that a significant number of subjects with CAPD had difficulty in localizing sounds in
all directions: left/right, front/back and up/down positions. For his headphone test, HPN
and NBN stimuli were found to be the most sensitive stimuli, with 93% of CAPD
subjects failing in the HPN ITD task. A summary of Zakaria‟s study is provided in
Appendix D.
As with Furst and colleagues (Furst et al., 2000), Zakaria also found different
patterns in each subject‟s sound-lateralization ability, both „side-oriented‟ and „centreoriented‟ responses. He also found subjects who could not localize sounds at all, with
responses that were „disoriented‟.
3.3

Development of MP3 DH test in the present study
Despite evidence that sound lateralization test is sensitive to disorders in the

auditory system (Aharonson et al., 1998; Furst et al., 2000; Jerger and Jerger, 1974)
including CAPD (Zakaria, 2007), and has been recommended as part of a CAPD test
battery (ASHA, 2005), it is yet to be routinely incorporated in the standard clinical
assessment for central auditory function (possibly because of cost), and has certainly
never been introduced as part of a screening protocol.
We believe that the use of inexpensive MP3 players to produce IID and ITD cues,
with simple scoring procedures would encourage routine application of sound
lateralization test in the clinic, as well as allowing effective screening in the classroom.
For the purpose of this study, we designed the test for classroom application, but its
applicability could be assessed in both settings.
3.3.1

Test equipment

MP3 player
The DH test recording was uploaded into user-friendly Creative ZEN Nano Plus 256
MB MP3 players. Figure 3.1 shows the MP3 player used and its function buttons. These
MP3 players have a wide signal-to-noise ratio of 90 dB, sufficient for the test purposes,
with a total harmonic distortion of less than 0.1%. They came with user-friendly
features that were simple enough for young children to manage. The device had few
control buttons, which were all clearly marked. The front of the MP3 player consisted of
a PLAY/PAUSE button, which was also the button for turning the player on and off.
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Also on the front was a sizeable LCD for displaying the track played. A digital volume
control and a menu button were located at the bottom of the device.
Headphones
The MP3 players came with their own headphones, however the headphones were
found to have very low channel separation (less than 20 dB), which made them
unsuitable for the purpose of binaural measures using intensity differences. After
trialling several types of transducers, which included the supra-aural headphones,
earphones and ear-bud (insert) earphones, it was decided that ear-bud earphones were
the most suitable for this study, because they provided a good ear-fit that allowed for
some degree of background noise attenuation at a relatively low-cost. The removable
ear-buds were also easy to clean after each use, which overcame the hygiene issue of
using in-the-ear earphones.
The type of earbud earphones chosen were the TDK Life on Record in-the-ear
earphones (Model EB-300WH). The frequency response was generally flat up to 20
kHz, except for the extra gain provided in the low frequencies below 2 kHz. This
however should not be an issue considering that we used stimuli with a cut-off
frequency either above or below this value, and they were calibrated to be at the
appropriate level prior to testing.
The earphone‟s left/right channels were also checked for symmetry and crosschannel feed through. These particular earphones were found to have at least 50 dB
left/right channel separation, which was easily adequate for the test purposes.

Figure 3.1. The user-friendly and inexpensive 256MB MP3 Player used for the group MP3 DH test. The
function buttons: (1) The ON/OFF and PLAY/PAUSE button, (2) The VOLUME CONTROL, (3) The
LCD player displaying the track played, and (4) The menu button (Subjects were asked to ignore this
button).
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3.3.2

Acoustic Stimuli

All acoustic stimuli were custom-generated using commercial digital audio-editing
software, Sonic Foundry Sound Forge Version 6, synthesized at a sampling rate of
44100 Hz in 16 bit stereo mode.
Using Zakaria‟s (2007) findings as a basis for this study, we incorporated HPN and
NBN stimuli, of which the ITD task was reported to be the most useful in identifying
subjects with CAPD. We also included the LPN stimulus to provide information on
each subject‟s overall directional hearing ability. Because the LPN stimulus was found
to be the least sensitive in identifying auditory dysfunction (Levine et al., 1993; Zakaria,
2007), each subject‟s performance on the LPN task could indicate degree of severity.
Following closely the stimulus protocol used by Zakaria (2007), the HPN and LPN
stimuli were filtered at 2 kHz, while the NBN stimulus was band-pass filtered at a
centre frequency of 4 kHz, with a width of one-third octave wide. A 2 kHz cut-off value
was used because the envelope cues are more prominent when we include more low
frequency information. The frequency spectrum of these stimuli is presented in Figure
3.2. All noise burst stimuli were 250 ms long, with 20 ms rise and fall times. This
ensured that the subjects could accurately perceive the stimuli, but the stimuli were not
so long as to compromise testing time. The length of the rise and fall times was enough
to avoid onset cues, intensity cues and spectral splatter (Elfner and Tomsic, 1968;
Kunov and Abel, 1981).
Applying these stimuli, each subject‟s ability to use the ITD and IID cues was
investigated using the following test conditions (according to Zakaria, 2007):
i)

High-pass filtered noise stimuli presented binaurally at different intensity levels
(HPN IID). This stimulus condition was reported to be the „easiest‟ to pass by many
subjects with CAPD.

ii)

High-pass filtered noise stimuli presented binaurally at different time delays (HPN
ITD). This stimulus condition was reported to be the most diagnostic in identifying
auditory lesions.

iii)

Narrow-band noise presented binaurally at different time delays (NBN ITD). This
stimulus condition was also reported to be diagnostically valuable, but was found to
be easier to lateralize.
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Figure 3.2. (A) Spectrum analysis of high-pass noise signal at 2 kHz cut-off point. (B) Spectrum analysis
of low-pass noise signal at 2 kHz cut-off point. Note the sharp response and gain difference between
filtered and unfiltered frequencies for the high-pass and low-pass stimuli. (C) Frequency response of
narrow band noise signal, centered at 4 kHz (note the peak at 4 kHz).
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iv)

Low-pass filtered noise presented binaurally at different intensity levels (LPN IID).
This was also reported to be a relatively „easy‟ stimulus condition, and may provide
extra information on a child‟s DH ability for low frequency stimuli.
For ease of reference, a group of similar test conditions are referred to as the „DH

subtests‟ of that particular test condition (e.g. HPN IID subtest).
3.3.3

Stimulus presentation

The perception of laterality was produced by varying the intensity and time delay of
the filtered noise stimuli of one ear relative to the other. To produce IID cues, stimulus
intensity was varied in 2.5 dB steps, from -10 dB to +10 dB. While, for ITD cues, the
stimuli were varied in time from -900 µsec to +900 µsec, in 225 µsec steps. These
ranges of IID and ITD were used because they were reported to provide a complete
side-to-side perception (Furst et al., 2000; Zakaria, 2007). The plus (+) and minus (-)
signs next to each intensity and time value were used to indicate the direction of
laterality. A bias to the right, where stimulus in the right channel was presented at
higher intensity (IID) or presented earlier (ITD), was indicated by a plus (+) sign.
Higher stimulus intensity or earlier stimulus presentation on the left channel indicates a
bias to the left, and was presented with a minus (–) sign.
Every position in a subtest was repeated twice, and the order of the stimulus
presentations was varied within and between subtests.
3.3.4

The MP3 DH recording tracks

Figure 3.3 presented the components of the DH test segments. As shown, a 100 µs
reference click preceded all of the noise burst stimuli by 500 msec. This reference
stimulus, presented at zero ITD and IID, was used “..to help correct responses of normal
subjects” (Zakaria, 2007), where it was found to assist subjects in making a more
accurate judgement about the location of the test stimulus. Click stimulus was used
because it provided the most cues for detection. To ensure that subject‟s could keep
track of the order of the stimulus presentations, the recorded track included the
„stimulus count‟ prior to the presentation of the reference click (e.g. “twenty one, click,
hiss”). An interval of 2.5 sec was provided between a test stimulus and the next stimulus
count, which afforded just enough time for a subject to respond.
Because the DH test developed in this study was designed for primary school
children with possible listening difficulties, recorded instructions were kept to a
minimum and were only used to reiterate the important points that were already given in
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the introduction and practice session beforehand. The test was also made to play out like
a game, where the children were encouraged to imagine that the different „shh‟ sounds
of the test stimuli were the sounds of animals that they were to help locate, either to find
as prey, or to help listen for danger (e.g. The frog can hear a mosquito, where do you
think it is coming from? The possum can hear the owl coming, where is he?). Although
the test did not put a lot of demand on higher cognitive function, being non-verbal, the
repeated presentation of the noise stimuli can be tiresome, and could affect a child‟s
responses over time. The different „help find the animal‟ scenarios were observed to
help renew the child‟s interest and refocus their attention to the subtest that followed.
There were three different tracks that were uploaded onto the MP3 players. They
were:
1. The „LETS PRACTICE‟ track, where the subjects were asked to adjust the signal
level and to carry out a two-part practice session. The first part consisted of three
„very easy‟ practice conditions, which included two stimuli presented to one ear
only, so that they could be easily lateralized. The second part of the practice session
was a sample of the test material which sounds across the whole range of ITDs and
IIDs.
2. The „LETS PLAY‟ track: This track consisted of the four subtests, arranged in the
following order: The HPN IID, NBN ITD, HPN ITD and LPN IID. The HPN IID,
being the easiest, was presented first.
3. The „LETS CONTINUE‟ track: This track also used the same four subtests
mentioned above, but presented in a different order: the HPN IID, HPN ITD, LPN
IID and NBN ITD. Repetition was carried out to increase the accuracy of the
subject‟s responses.
The title of the track was displayed on the LCD of the MP3 player for easy reference.
The copy for the final instruction used is in Appendix 3.1. Subjects were prompted to
stop the recording at the end of each track to allow time for questions and clarification.
The large number of data points allowed for a better resolution of the response
patterns. By studying the response patterns and the changes in the responses over time,
it was possible to obtain information on what might have occurred during a test process.
Considering that there was no individual practice time given to ensure that the subject
really understood the tasks, the extra data points provided valuable information in this
regard. Details on this are explained in Chapter 7.
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Figure 3.3. The components of the DH test segments. The whole DH test recording took 16 minutes to complete.

DH test calibration segment
In the practice track of the DH test, the children were instructed to adjust the volume
to their most comfortable level. A 1 kHz calibration tone for the DH test signal level
was standardized at 70 dB SPL (about 50 dB HL), which was the default level used in
the DH testing. Using the digital volume control of the MP3 player, this was found to be
at level 11 of the maximum 25.
The calibration tone was omitted in the actual DH recording, and was replaced with a
simple instruction to adjust the volume control (refer to Appendix 3.1), recorded at an
RMS amplitude of 6 dB below the calibration tone/noise stimuli. The children were
instructed to change the volume only if they could not hear the instruction well. All
RMS amplitude values were scanned and matched to each other using the SoundForge
waveform editing program.
Several methods of calibration had been tested prior to deciding on the above
method, including using „Spongebob Squarepants‟ song. In this initial method, children
were instructed to reduce the volume until they “can only just hear it”. Because the tests
were recorded at 50 dB above the calibration tone/song, the level adjusted would be the
individual child‟s hearing at approximately 50 dB SL. However, findings from a pilot
study described later, showed that many children had difficulty adjusting the calibration
song down to their threshold level. The supra-threshold method simplified the
calibration process. Although it was not possible to obtain a child‟s individual hearing
threshold, the adjusted level provided an estimate of what the children considered
comfortable. As we can later see, most children kept the volume control at the default
level, except for a small number of children, of whom some were found to have
peripheral hearing problems. Because the MP3 players were labelled and the children
had noted down the device number on their score sheets, changes to the volume could
be later analyzed.
3.3.5

Response mode and score sheet

To indicate source locations, subjects were asked to simply put a dot along a straight
line to represent their perceived azimuthal positions within ± 90° angle. The left, right
and middle positions were marked by the stimulus number (Figure 3.4). Subjects were
encouraged to guess if they were not sure about the perceived locations, and were told
that there was no “right‟ or “wrong” response in this testing. Previous studies used nine
equally spaced divisions, arranged linearly (Furst et al., 2000; Zakaria, 2007) or on a
curve (Parker and Patuzzi, 2005) which we believe could be visually distracting when
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put in a score sheet. A simple straight line was less complicated, and allowed for a more
efficient use of space in the score sheets. The final overall design of the score sheets
was made to be child-friendly with animal pictures representing the different subtests. A
copy of the score sheets used is presented in Appendix 3.2.
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Figure 3.4. A diagram showing three single response regions in the DH score sheet using simple line
methods for three different stimulus presentations. The numbered positions from left to right correspond
to the extreme left, centre and extreme right perceived positions. A child was instructed to put a dot
anywhere along the response line to represent the position of the sound perceived (examples as shown).

3.4

Preliminary and pilot studies

The DH test procedure explained above was the procedure used in the later
population study. The finalization of the test procedure was based on the outcome and
feedback received in the preliminary and pilot studies explained here.
3.4.1

Preliminary studies on adult subjects

Most of the methods applied in this study were based on the unpublished work of
Zakaria (2007) and Parker and Patuzzi (2005). Further investigations on 6 adult subjects
were carried out to investigate whether the responses change with a change in the:
i)

response mode (from using nine equally spaced divisions to using a simple line
method).

ii)

number of presentation points. Investigations were carried out using nine points
(ITD varied in 225 µsec steps; IID varied in 10 dB steps), seven points (ITD
varied in 300 µsec steps; IID varied in 3 dB steps), and five points (ITD varied in
450 µsec steps; IID varied in 5 dB steps). Here, we used equally-spaced boxes as
the response mode. The aim of this test was to investigate the possibility of
reducing the number of presentation points, which would consequently reduce
testing time.
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The investigations were carried out one-to-one using a personal laptop computer, a
supra-aural stereo headphone (Sony MDR-XD100), and with sound level set to
approximately 50 dB HL.
Result
Figure 3.5 and Figure 3.6 shows the average best-fit function, using Boltzmann
equation (described later in this chapter), of the subject‟s perceived sound positions
versus the simulated positions for all test conditions (HPN IID, LPN IID, NBN ITD and
HPN ITD). Generally, the overall pattern of the functions was found to be similar for
the different response mode (Figure 3.5), and different number of presentation points
(Figure 3.6). All averaged responses showed a sigmoidal function.
The scoring of the responses for the line methods were done manually, where the
subject‟s responses were grouped into nine positions, accordingly. Automatic scoring
was later developed for the population study, where the responses were scored in
percentages along the response line. Details on the scoring procedures are explained in
Chapter 7. Although responses using the box and the line methods showed very similar
function, the maximum point of lateralization was found to be slightly lower for the line
method (responses were more centralized). The limited number of possible responses in
the box method may have resulted in a seemingly better lateralization, but the open-set
type of responses of the line method could be more reflective of the subject‟s DH
ability. For this reason, we decided to use the line method in the population study.
Further investigations were carried out looking at the errors made (perceived position
– simulated position) by the subjects for each of the different tasks (nine versus seven
versus five presentation points). Large differences can be observed between the mean of
errors of the responses to nine or seven presentation points, with the responses to the
five presentation points, with all responses from the different test conditions pooled
together (9- versus 5-point tasks, mean difference = 2.28: 7- versus 5-point tasks, mean
difference = 1.89, while 9- versus 7-point tasks, mean difference = 0.46). As expected,
the errors made for the 5-point task were relatively low considering the limited number
of presentation points. Fewer errors made when only using five points indicated an
easier mode of testing. Because CAPD is generally a subtle disorder, an „easy‟ test may
not be able to effectively differentiate CAPD subjects from their normal peers.
Although, this simple study suggested that we could use seven presentation points,
we ultimately decided on using nine points because of the better response resolution
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Figure 3.5. Data of preliminary study on the different response mode showing the average best-fit function of six adult‟s DH responses using (A) the equally-spaced box method,
and (B) the line method. Note that the responses using the line method were slightly centralized.

Figure 3.6. Data of preliminary study on number of presentation points showing the average best-fit function of six adult‟s DH responses with (A) nine presentation points (n = 216),
(B) seven presentation points (n = 192), and (C) five presentation points (n = 120). Each presentation points were presented four times.

observed. We were concerned at this early stage of test development about losing
valuable information.
Other information that could be obtained from the preliminary studies was that
subjects did not have complete „side perception‟ when using ITD cues, where stimulus
with maximum intensity or timing difference (ITD of ± 900 µsec) were not perceived to
come from the far left or far right-hand side.
3.4.2

Pilot studies

Two pilot studies were conducted to resolve any logistical and design problems. The
first pilot study was carried out on a small group of children to assess their
understanding of the instructions, and the practicability of using the MP3 players. The
second pilot study was carried out on a larger group of children in a classroom situation
to clarify more issues about group dynamics, background noises and general logistics.
Pilot study one
This study was conducted with five subjects aged between seven years ten months to
twelve years one month. Feedback received regarding test material was generally
positive, though the youngest child in the group had difficulty understanding the
instructions and needed repeated verbal reinstruction and individual assistance.
Other reports from the children mentioned that the reference click was too loud, and
that the “SpongeBob Squarepants” calibration song, which was the calibration method
of choice at the time, was too quiet even at maximum volume. Appropriate
modifications were later made to the DH test recording based on the feedback received.
Pilot study two
This study was carried out on 30 primary school children aged between eight years
eleven months and ten years six months. The goal was to investigate the feasibility of
the test in a group situation. Generally, all students completed the whole test session
with limited difficulty. However, many children had problems with the SpongeBob
Squarepants calibration task, as earlier described, which delayed the DH test process
significantly. Many students were found to like the song so much that they did not turn
down the volume as required. Changes were therefore made to the calibration method to
one that simply asked the subjects of the audibility of the overall test sounds, and to
make adjustments to the volume when necessary. The findings of this study also helped
determine the type of headphones to be used, the final lay-out of the score sheets, and
the effective test protocol for testing large group of subjects.
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A preliminary look at the DH results showed that typical patterns emerged that were
similar to that of previous findings (Parker and Patuzzi, 2005; Zakaria, 2007), with most
children able to make accurate left/right judgments in the HPN IID task, while many
subjects were found to have limited acoustic laterality in the HPN ITD task, where
responses tended to be more centralized, similar to what was found in the preliminary
studies on adults.
3.5

Software for Automatic Scoring of the DH test results

All of the data in the preliminary studies and the pilot study were scored manually.
Even though the test process itself was very rapid, the time it took to interpret the results
were found to be very time consuming, defeating the purpose of a cost- and timeeffective screening test. It was from this observation, that software was created to
automatically score the DH test results.
Two custom-written programs were developed for this purpose, created using
LabVIEW (version 7, National Instruments, Texas,USA). The first made use of a simple
webcam to scan the plots on the score sheets. The coordinates of the plots were saved
into tab delimited text files and imported into Microsoft Excel, so that relevant data (the
dot positions) could be extracted for further analysis. The second program was created
for scoring purposes, where best-fit analysis using a Boltzmann equation was carried
out on the relevant data points. Judgments on the quality of the responses were also
made based on the best-fit functions. The screen captures of LabVIEW front panel for
the Spotfinder program is presented in Appendix 3.3.
3.5.1

The „Spotfinder‟

The Spotfinder software enabled instant capture of the DH data plots from the score
sheets using a standard webcam. The score sheets were designed so that the DH plots
could be easily detected by the webcam. This was the reason for using dark solid dots as
the response mode against a grey background of the score sheet, to increase the contrast
ratio achieved. There were issues with even lighting, dot consistency, glare and focus
that affected the effectiveness of the software to detect the dots, which required some
amount of time spent at the beginning of the process to adjust the lighting and re-plot
the dots for better detection. In hindsight, we believe that a lot of these issues could be
resolved with a better high resolution webcam.
When the lighting issues were resolved, the scanning technique was extremely rapid,
taking only a few seconds to scan a single score sheet. However, some time was needed
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to ensure that the program correctly identified the data plots, which was done by „eyeballing‟ a scanned copy of each plots, and comparing it to the subject‟s responses.
Missing and multiple points, and other (ambiguous) inconsistencies and anomalies were
also identified automatically by the software.
Page one and two of the score sheets (the two trials) were saved separately. Each file
saved consisted of the data for a group of subjects (i.e. per school), along with the key
for the „correct‟ positions of the DH stimuli according to the appropriate score sheet
page. The file was saved as „school code A1‟ and „school code B1‟ (e.g. KSPA1 and
KSPB1), where file A consisted of responses from page one, and file B consisted of
responses from page two. Comparisons were made between the two files in later
analysis that served as the internal control for test-retest reliability.
In Excel, a scatterplot of each subject‟s data compared with the response key was
plotted, combining the responses in page one and two of the score sheets. This allowed
the researcher to assess the reliability of the subject‟s responses. Data points that were
thought to be unreliable (e.g. due to earphone slippage, inattention) were removed, and
the „reliable‟ data was again saved in tab delimited text files to be further analysed in
the Boltzmanfit software, described below. The factors that were considered grounds for
the removal of some of the data points are explained in chapter 7.
3.5.2

The „Boltzmannfit‟

According to Zakaria (2007), normal DH responses, especially for ITD task, could be
described using a Boltzmann sigmoidal function, which was incorporated into the
Boltzmanfit software. Using a nonlinear Levenberg-Marquardt (Lev-Mar) least-squares
algorithm (Levenberg, 1944; Marquardt, 1963), a best-fit Boltzmann function (or
sensitivity function) was computed for each subtest, for each subject. A mean square
error (MSE) was then calculated from the subject‟s private data scatter relative to their
own sensitivity function. Also calculated were the MSE of the scatter relative to a
normal function, derived from a sample of normal subjects in the population study
(explained in chapter 7). The Boltzmann equation used is y = offset + max/d1, where d1
= 1 + 10d0, and d0 = (E0 – x)/Z. Z refers to the best fit „slope‟. A near zero Z value
indicates a highly sigmoidal function. The larger the value of Z, the shallower is the
function. E0 is the operating point on the sigmoidal curve that described asymmetry in
the vertical line. The max is the response range, while the offset value indicates
deviation from the horizontal baseline. These parameters provided a numerical
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description of the response function that was later used to set the pass/fail criteria of the
DH responses.
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Chapter 4
The electrophysiological PAMR test – An overview, test
development and some preliminary findings
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4. The Electrophysiological PAMR Test – An overview,
test development and some preliminary findings
4.1

Introduction

The main investigations of the PAMR test were carried out at school using customdesigned equipment, and the findings are discussed in Chapter 8. This chapter describes
the development of the PAMR test, and the preliminary experiments that helped in
making decisions about the parameters to be used in the population study within the
schools. The preliminary findings also provided some insights into the PAMR
properties.
As mentioned in Chapter 2, the PAMR was chosen based on several factors. First,
because of its large amplitude (O'Beirne and Patuzzi, 1999) the response can be reliably
obtained in a short testing time. Second, the PAMR is also not easily contaminated by
slight background noise or slight movements, and has proven useful in the evaluation of
awake and difficult-to-test (tensed) subjects (Douek et al., 1974; Humphries et al.,
1976). Third, the PAMR test only involves pathways up to the lower brainstem (Gibson,
1975; Patuzzi and O'Beirne, 1999a) and therefore can be considered free from cognitive
influences that are known to be a major issue in all behavioural assessments, especially
in the assessment of auditory processing.
The interest in using the PAMR for the assessment of CAPD in this study stemmed
from the works of Zakaria (2007) who found differences between the amplitude of the
binaural interaction component (BIC) of the PAMR in normal subjects, and in subjects
diagnosed with CAPD. This suggested that the response may be valuable in the
assessment of the disorder. Considering the promising findings of Zakaria‟s study, and
the ease of administration of the PAMR test, as described by Zakaria and earlier
investigators (Douek et al., 1974; Patuzzi and O'Beirne, 1999bb; Purdy et al., 2005), it
was hypothesized that the test could reliably identify subjects with CAPD within the
school environment. General findings, such as the occurrence of the PAMR and the
feasibility of testing at school, also provided information about its use as a costeffective means for simple hearing screening in schools or even in neonates.
4.2
4.2.1

PAMR overview
PAMR characteristics

Postauricular muscle response (PAMR) is a myogenic potential often described as a
large biphasic sound evoked potential with peaks occurring within 25 ms. The short
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onset latency of the responses was characteristic of a brainstem reflex (Douek et al.,
1973). The PAMR consists of a sharp negative peak component occurring within the
latency range of 12.5 ms to 15 ms followed by a broader peak occurring within 15 ms to
18 ms (O'Beirne and Patuzzi, 1999). The potential is evoked by cochlear stimulation
(Kiang et al., 1963), and is a binaural phenomenon, in which a monaural presentation
stimulates both muscles to respond (Yoshie and Okudaira, 1969). Studies on the PAMR
dated back to the 1960s, around the same time when studies on the neurological ABR
were also thriving. Studies have shown that the PAMR can be easily obtained in awake
subjects, in both children and adults, and was found to be recordable down to 10 to 20
dB SL in a majority of normal hearing subjects (Douek et al., 1973; Douek et al., 1974;
Thornton, 1975). More recently, toneburst stimuli were also found to be able to
stimulate the PAMR at near threshold levels, allowing for a more frequency specific
method of assessment (O'Beirne and Patuzzi, 1999). However, due to the PAMR‟s
perceived inconsistency and variability, it has not been used in the clinic for hearing
evaluation.
Nevertheless, the PAMR is said to be valuable as a cost-effective means of screening
for hearing dysfunction (Humphries et al., 1976; Patuzzi and O'Beirne, 1999b; Purdy et
al., 2005), as well as for neurological evaluation, because the PAMR is sensitive to
disorders in the brainstem (Clifford-Jones et al., 1979; Gibson, 1975).
4.2.2

PAMR variability

Many investigations have been carried out in the attempt to understand the
underlying reasons for the PAMR inconsistencies. De Grandis and Santoni (1980) in
their single motor unit study suggested that the presence and the strength of the
response are related to the number of activated motor units, and does not depend on the
position or the volume of the PAM as earlier suggested by Buffin et al. (1977) and
Gibson (1978). This was later supported by the study of Takagi et al. (1984) and
O'Beirne and Patuzzi (1999). Acoustic stimulation synchronizes the firing of the fibres
within the motor units thus evoking the PAMR. A stimulus with short onset latency and
greater intensity would result in more synchronous firing and producing greater
amplitude response. However, synchronization by sound stimulus alone is not enough
to elicit continuous firing, which may explain the observed variability of the PAMR.
The PAM has to be continuously activated to increase the firing of more muscle fibres
(Fox et al., 1989). This can be achieved with the application of different muscle
manoeuvres to increase the muscle tone. Examples of some of the manoeuvres that have
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been used to activate the PAM and increase the PAMR amplitude were smiling and
head lowering (Dus and Wilson, 1975; Yoshie and Okudaira, 1969), neck traction
(Cody and Bickford, 1969), teeth gritting (Dus and Wilson, 1975; Gibson, 1978),
propping the head forward (Thornton, 1975; Yoshie and Okudaira, 1969), pushing the
head against a force (Clifford-Jones et al., 1979), voluntarily moving the pinna (Patuzzi
and O'Beirne, 1999a), and lateral eye movement (Patuzzi and O'Beirne, 1999a), with
different manoeuvres reported to produce different degrees of activation (55% to 100%
occurrences: Dus and Wilson, 1975; Endoh et al. 1988; Fraser et al, 1978; Purdy et al.,
2005).
4.2.3

Optimization of Response Waveform

Earlier works on the PAMR properties have suggested some measures to optimize
the responses and control for its variability, with the most recent and extensive studies
done by Patuzzi and colleagues at The University of Western Australia. Some of the
more important and practical methods described in these studies included the use of
lateral eye movement for the activation of the PAMR, the pinna to PAM electrode
montage and a low-pass filter setting of up to 400Hz. All of these methods were applied
in the present study.
The activation of PAM
Patuzzi and O‟Beirne (1999a) have suggested the possible role of uncontrolled eye
movement as the cause for the PAMR variability, basing it on Wilson‟s oculo-auricular
phenomenon (Wilson, 1908), in which, the lateral movement of the eyes is associated
with movement of the ears. This phenomenon has been found to be present in 96% of
normal individuals (Urban et al., 1993) and has been clinically used in diagnosing
neurological disorders.
The eye rotation, as with the head and neck manoeuvres, was said to enhance the
PAMR by promoting increased muscle activity. However, unlike the gross activation of
the PAM which may sometimes be difficult to do for some subjects (e.g. neck flex,
voluntary contracting the PAM), the eye rotation method was found to be reliable and
convenient in potentiating the PAMR without overwhelming the signal with
unnecessary large background EMG.

Another advantage of using the lateral eye

movement over the other methods is the fact that it was relatively easier to control, thus
making it possible to stabilize the response waveforms.
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The PAMR was found to be largest when the eyes were rotated towards the
recording ear, and was small or absent when the eyes were rotated away from the
recording ear. The EMG activity increased almost instantly with eye-rotation, and with
it instantly increasing the PAMR amplitude. The offset after eye-rotation was slow,
taking about 50 s to reach baseline, which means that the PAMR remains large for quite
some time after rotation. An almost maximal PAMR amplitude was obtained with a
gaze angle of about 70o (Patuzzi and O'Beirne, 1999a)
Electrode montage
Placement of electrodes for PAMR recording contributed to the enhancement of the
PAMR. PAMR was found to have the largest amplitude of up to 108 uV pp when
recorded directly over the body of the PAM and the dorsal surface of the pinna, due to
an inverted version of the PAMR waveform on the pinna, as illustrated in Figure
4.1(O'Beirne and Patuzzi, 1999).

Figure 4.1. The distribution of the PAMRs recorded at different areas near the region of the pinna. The
PAM 2 – Pinna 5 electrode montage produced the largest amplitude response when subtracted, due to the
inverted PAM waveform at the dorsal surface of the pinna. Copied from O‟Beirne and Patuzzi (1999).

Additionally, because of the close distance between the recording electrode pair, this
particular electrode montage was also found to effectively reduce the interference from
remote muscles and also eliminate the blink reflex (O'Beirne and Patuzzi, 1999).
Filter setting
Choosing the right filter setting is important in improving the signal-to-noise ratio of
a response waveform. The PAMR was found to have frequency components mostly
between 25 and 300 Hz with greatest spectral energy between 70 and 110 Hz (O'Beirne
and Patuzzi, 1999). Because electrical activity from remote muscles below 25Hz is
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minimal when recording with the pinna to PAM electrode montage, the high-pass filter
can afford to be reduced down to 1Hz thus ensuring that no PAMRs were removed.
Therefore, the suggested band-pass filter setting appropriate for recording the PAMR
was 1 Hz or 10 Hz for the high-pass filter setting and 200 Hz to 400 Hz for the low-pass
filter setting.
4.3

Software and hardware development for the PAMR test

To achieve the goal of a cost-effective test method, the software and equipment used
for the PAMR test was custom-designed to allow flexibility in the manipulation of
stimulus and response parameters. The hardware and the development of test protocols
were also done with cost-effectiveness in mind. With the system developed, many trials
were later carried out in preliminary studies, which resulted in the final methods
adopted in the population study.
4.3.1

Hardware

The hardware for the PAMR test consisted of a laptop computer (BenQ Joybook
R55V Series) that hosted the averaging software for the PAMR, a biological amplifier
(BioAMP) with a gain of 100, and an in-the-ear stereo headphones (TDK earphone
model EB-300WH) for the presentation of the stimulus.
4.3.2

The BICaverager software

Stimulus generation and data acquisition were controlled by the The BICaverager, a
custom-written software that enabled the averaging of rapidly-interleaved measurements
of the binaural, ipsilateral and contralateral PAMR, and the automatic calculation of the
PAMR ratios between different combinations of the binaural, ipsilateral and
contralateral responses.
The BICaverager was created using LabVIEW (version 7, National Instruments,
Texas,USA). The front panel of the BICaverager software is shown in Appendix 4.1.
4.3.3

Acoustic stimuli

Five millisecond high-pass noise (HPN) burst with a 2 kHz cut-off frequency and a 1
ms rise and fall time were used to elicit the PAMR. The short burst HPN stimulus was
found to be as efficient as the click stimulus in evoking the PAMR and as sensitive in
detecting CAPD subjects (Zakaria, 2007), but produced a less intense sound that was
more comfortable to listen to. The 2 kHz HPN stimulus was internally-generated and
presented sequentially in a stimulus train, consisting of binaural (B), left (L) and right
(R) stimulations. The use of a stimulus train allowed for the response ratios to be
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obtained in the same time course, and for the monitoring of the response ratios in real
time.
After trialling various stimulus configurations described later, the BRLBLR stimulus
configuration with 50 ms inter-stimulus intervals (ISI) was ultimately used in the
population study, presented at 50 dB sensation level (dB SL), determined using the test
stimulus itself.
4.3.4

Measurement cycle

The sequence in which the measurement of physiological parameters was carried out
is referred to here as the “measurement cycle”. Each measurement cycle consisted of a
number of stimulus patterns contained within a wrap, and repeated in a set of trials, as
illustrated in Figure 4.2. A wrap is a continuous number of responses that went through
an averaging process without the need for a synchronising stimulus. The program that
was written for this purpose was called the Wrapaverager, which was applied in the
BICaverager software. An even number of stimulus patterns within each wrap was
necessary for effective averaging of responses.
4.3.5

Trigger signal

Triggering was done by combining the output to the sound card with the input from
the line-in internally (in software) using the Windows audio mixer, so as to minimize
the use of external cables that could be cumbersome during testing at schools. To
ensure that the software could easily detect the trigger stimulus, the phase of the trigger
stimulus in the left and right channels were inverted and later subtracted. The
disadvantage of using such internal triggering was that it produced a large trigger
artefact and the trigger was made audible to the subject. We managed to overcome the
artefact problem by nulling the first few points in the acquisition process. Using this
method, the quality of the PAMR waveforms was found not to be affected by the trigger
stimulus even though it was audible to the subjects. The trigger stimulus was later used
as an indicator for when to activate the PAM.
4.3.6

File saving

Data for each trial was saved in tab-delimited text files, which were later imported
into Microsoft Excel for analysis. The waveform trials were not manually labelled
during testing, but rather were time-stamped for the ease of recall at a later time. Notetaking during experiments was an important part of the test procedure, enabling crossreferencing of responses to the individuals tested and the type of test that
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Figure 4.2. Schematic diagram of a measurement cycle carried out by the BICaverager, also illustrating the wrap averaging process. The stimulus configuration included a train of
binaural left and right stimuli. Shown here, is an example of an acquisition of responses with 320 repetitions.

were carried out.
4.3.7

Response of interest

Apart from studying the individual binaural (B), contralateral (C) and ipsilateral (I)
responses, this study also investigated the ratios between different combinations of the
individual responses, the C/I and B/(C+I) ratios, which was reported to provide
information regarding the binaural interaction component of the PAMR (Zakaria, 2007).
4.4

Preliminary studies

To set the test parameters for the population study and to gain some understanding of
the basic properties of the PAMR, various factors affecting the responses within and
between subjects were investigated in a series of preliminary studies. Again, all the
parameters applied took into consideration the cost-effectiveness of testing large
number of subjects in a screening environment.
4.4.1

Participants

Ten normally hearing adult subjects (six females and four males), aged between 22
to 33 years old, who were students of UWA were involved in the preliminary studies,
but not all of them participated in all of the studies.
All subjects had normal middle ear function and normal hearing sensitivity below 20
dB HL, from 0.25 kHz to 8 kHz.
4.4.2

Test set-up and procedures

The evoking and recording system for the PAMR are illustrated in Figure 4.3. The
test was carried out in a soundproof room, away from the power mains with the laptop
powered on battery (for safety and interference reasons), and with the fluorescent lights
switched off to reduce mains interference during recording. Pre-gelled Ag/AgCl ECG
diagnostic electrodes (ConMed Corp., NY, USA) were used for the recording of the
PAMR. The active electrodes were placed bilaterally on the post-auricular muscles, and
the indifferent electrodes were placed bilaterally behind each pinna. The back of the
neck was used as the reference point. Before applying the electrodes, the skin for the
electrode placement was cleaned with 70% ethanol. We also used extra conductive gel
(Lectron II conductivity gel) for better response acquisition. The electrodes were then
connected to the battery-operated BIOAmp that was worn around the subject‟s neck.
The BIOAmp was later connected to the stereo line-in jack of the laptop computer.
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Figure 4.3. A schematic diagram of the recording and stimulation system of the PAMR, showing the
posterior view of a subject.

Stimulus and recording parameters
Various adjustments were made to the stimulus parameters. Several stimulus
configurations were tested, trialling out different stimulus patterns with different
combinations of binaural, ipsilateral and contralateral PAMR. Different stimulus rates
and intensities were also tested, to study their effect on the PAMR.
The recording parameters were mostly set for all experiments. The width of the
band-pass filter was set between 10 to 200 Hz, which covers the main spectral energy of
the PAMR that ranged from 70 to 110 Hz. One trial consisted of 160 stimulus
repetitions, and for each subject a minimum of two trials was recorded. Further
averaging of the PAMR across trials was done offline so as to minimize testing time.
The recording system of the PAMR has a noise floor of less than 1 µV, and with
typically more that 100 responses averaged, the effective noise floor was less than 0.1
µV.
Muscle activation
In most experiments, the subjects were instructed to alternate their gaze hard to the
left and right every 5 seconds, as indicated by a click sound, to activate both PAMs
equally. For one experiment (preliminary study 2) that looked into the effect of eye
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movement and the degree of muscle activation, the subjects were also instructed to fix
their gaze at different points on the wall, measured in different angles in the horizontal
plane, marked by a visible red dot.
4.4.3

Preliminary Study 1: Stimulus configuration and inter-stimulus intervals (ISI)

The present study was largely based on the methodology used by Zakaria (2007),
who studied the PAMR in both normal subjects and subjects with CAPD. In Zakaria‟s
study, the recording was done monaurally using 50 ms inter-stimulus intervals (rate of
18/s), with eyes constantly lateralized to the recording electrode at 40° angle. He also
used an adapted binaural response to obtain the PAMR ratios, which was the third
response from a series of three binaural responses in his stimulus configuration (i.e. the
BBBRL). Because Zakaria found obvious differences between normal and CAPD
subjects, we believed that the presentation of the first two binaural stimuli may be
redundant. The extra binaural stimuli were therefore removed, leaving only the BRL
stimulus configuration, which further reduced the test time. The new configuration was
assumed to affect the response ratios in the same way as was found by Zakaria, and the
differences between normal and CAPD subjects would still be observable.
Also, when the decision was made to do binaural recording in the present study, it
was initially thought that it was necessary to prolong the stimulus intervals to 100 ms.
This was to avoid response inhibition from preceding stimuli caused by the different
stimulus order in one ear versus the other (the BRL stimulus configuration would
produce a BIC response in the right ear and a BCI response in the left ear). It was earlier
found that at 50 ISI, the ipsilateral and contralateral stimulation affects the PAMR
differently. The 100 ms ISI was chosen because it was the minimum interval reported
not to produce a response inhibition from preceding stimuli (Fox et al., 1989). However,
when comparisons between the BIC and the BCI response waveforms from the same ear
were made in preliminary trials, it was clear that an order effect was still present with
the 100 ms ISI, as shown in Figure 4.4. This prompted an investigation of the effect of
different stimulus intervals on PAMR ratios with different stimulus order, which
suggested the ideal ISI for use in binaural recording. The findings of this preliminary
investigation formed the justification for the stimulus configuration used in later
preliminary and population studies.
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Figure 4.4. The BIC and the BCI responses from the right ear for subject IR, using BRL and BLR
stimulus configuration with 100 ms ISI, respectively. It can be clearly seen that the proportionality of the
ipsilateral to the contralateral responses differs in the two PAMR recording, suggesting the presence of an
order effect.

This preliminary study involved the participation of five subjects. The PAMR ratios
of C/I and B/(C+I) were obtained from each ear of the subjects, for both BRL and BLR
configurations, using 50 ms, 100 ms and 140 ms ISI. The differences in ratios between
the different stimulus order were compared. With the 3-train stimulus configuration, the
order effect was found to only disappear at 140ms ISI, as can be seen in Figure 4.5.
Taking into account the amount of response averages and number of trials required in
this study, the 140 ISI was considered too time-consuming for screening purposes.
The stimulus configurations were then modified into a 6-train BRLBLR and
BLRBRL configurations with 50 ms ISI. This was to investigate whether the order
effect could be eliminated by averaging the corresponding responses in the 6-train
stimuli, as shown in Figure 4.6. The order effect of the 6-train stimuli with 50 ms ISI
was found to be comparable to the order effect of the 3-train stimulus with 140 ms ISI
configuration (See Figure 4.5), but allowing for a much faster recording to be done.
Based on this finding, the BRLBLR stimulus configuration with 50 ms ISI was adopted
for use in later studies.
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Figure 4.5.The mean PAMR ratios obtained at 50 ms, 100 ms and 140 ms ISI, illustrating the order effect
of using different stimulus intervals in 5 adult subjects (n=10; the left and right data was pooled together).
The configuration with the least asymmetry was the 3S 140, where there was almost no difference found
in the PAMR ratios with different stimulus order (BRL/BLR ≈ 1, with lowest standard error of mean).
The closest response to the 3S 140 was the 6S 50 configuration that was taken as the best compromise in
terms of test duration and response reliability, and was the configuration used in the later population
study. Also shown is the mean C/I and B/(C+I) ratios and the standard error for all of the stimulus
configurations.
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4.4.4

Preliminary Study 2: Alternating eye movement versus fixed gaze angle

After deciding on the stimulus configuration, we then investigated the effect of eye
movement on the ratios of the PAMR. As have been earlier discussed in the overview,
maximum activation of the PAM, resulting in large PAMR amplitude, can be obtained
when the gaze is directed towards the recording ear, while responses with gaze away
were found to be small or absent. Therefore, it was of interest to see if the alternating
eye gaze used in this study would significantly change the ratios of the PAMR.
Two subjects participated in this study. Their PAMR ratios were measured in two
conditions: (i) the fixed gaze angle condition, where the subjects were instructed to fix
their gaze at different points on the wall marked by a visible red dot, placed at different
angles from approximately 60°θ to the left to 60°θ to the right in 15° steps; and (ii) the
alternating gaze condition, where the subjects were instructed to look hard to the left or
right and to change their gaze every 5 seconds, as indicated by a click sound in the
stimulus.
All subjects reported that moving their eyes every few seconds was easier to do than
gazing at one angle for a long time. It can be seen in Figure 4.7 that the response ratios
remained relatively constant at all angles above 15 degrees, and that the ratios were
almost the same whether the subjects were looking at a fixed angle or looking to the left
and right alternately. This suggests that where ratios are concerned, the alternating gaze
method is as effective in activating the PAM as the fixed gaze method, as used by
Zakaria (2007). It can also be seen in the figure, that there is a wide range for the eyes to
move before the PAMR ratios started to change and become unreliable. This suggested
that even if the gaze angle were not kept consistent at maximum, reliable PAMR ratios
can still be obtained.
4.4.5

Preliminary Study 3: Amplitude -intensity function

The effect of intensity on individual‟s binaural, ipsilateral and contralateral PAMR
were also investigated on one subject using the BRLBLR configuration recorded in the
same condition. This provided insights into the interaction between the individual
responses, and offered clues about the effect of intensity on the response ratios.
The binaural, ipsilateral and contralateral responses were recorded at different
stimulus levels in descending order, from 65 dB SL down to 20 dB SL, which for this
subject was the minimum intensity presented at which individual responses were still
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Figure 4.6. The six waveform series obtained from the right ear of subject IR using 50ms ISI, and the resultant PAMR average of the corresponding responses. Note the high
similarity between the average response obtained with the BRLBLR and the BLRBRL stimulus configuration.

Figure 4.7. The PAMR ratios obtained at different eye angles. The horizontal solid lines were the ratio variations at ±1SD when the gaze was alternated to the left and right at every 5
seconds. The dotted lines below 15°angle for subject NM were responses obtained with low SNR due the very small PAMR, thus reliability of the responses is questionable. Subject
AM did not produce any identifiable responses in eye forward conditions. As can be observed, there were little variations in the C/I and B/(C+I) ratios with changes in gaze angle
and eye movement above 15° angle. This suggests that the alternating gaze method is as effective in activating the PAM as the fixed gaze method.

recordable. Sixty-five dB SL was the maximum intensity that our PAMR system was
able to produce for this subject.
The amplitude-intensity functions was obtained for each individual, as shown in
Figure 4.8. It can be seen that all responses grew linearly up to 60 dB SL. However, at
maximum intensity, the binaural and ipsilateral responses seemed to begin to plateau
suggesting that the responses were reaching saturation level. The ipsilateral response
was the larger of the two monaural responses for this subject.
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Figure 4.8. The binaural, ipsilateral and contralateral responses of the PAMR for subject NM.

It was concluded from the amplitude-intensity functions of all responses that below
60 dB SL, the response ratios would have a constant value with intensity. The linear
growth of the responses below this intensity level also suggests that acoustic crossovers
and middle ear reflexes were not a factor in the PAMR obtained using the above
parameters. Presentation levels at this point and above for the population study was
therefore avoided to ensure that the amplitude ratio between binaural and monaural
responses remained valid.

4.4.6

Preliminary Study 4: Inter-subject variations

To get a preliminary look into the inter-subject variations, the PAMR was recorded
from 10 adult subjects using the BRLBLR 50 ms ISI stimulus configuration, presented
at 50 dB SL in the alternating gaze condition, as described earlier. Depending on the
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quality of the PAM waveforms, two to four responses were recorded from each subject
that was later averaged.
Reasonably large PAMRs were recorded from all subjects, with mean amplitude of
52.7 ± 36.3 µV for the binaural responses, 26.6 ± 4.1 µV for the ipsilateral responses
and 30.2 ± 3.8 µV for the contralateral responses. As indicated, the largest response was
the binaural potential, assumed to be the sum of the ipsilateral and contralateral
responses. Shown in Figure 4.9 are the results of the response ratios for each subject
plotted as a function of C/I over B/(C+I) for the left and the right ears. It can be seen
that the C/I ratios moved over a very wide range between subjects, with almost equal
probability that either the contralateral or the ipsilateral responses were the dominant
potential. The inter-subject range for the B/(C+I) ratio on the other hand, was found to
be much smaller, with a majority of subjects showing larger binaural response
compared to the sum of the monaural responses.
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Figure 4.9. Overall distributions of the PAMR C/I and B/(C+I) ratios for all normally hearing adult
subjects (n = 10), showing the responses recorded from both ears.

4.5

Conclusion

A fast recording of the binaural, ipsilateral and contralateral responses of the PAMR
from both ears were achieved by presenting the binaural, left and right stimulation in
series and using short stimulus intervals. Having the different responses stimulated
within relatively similar conditions ensured a reliable calculation of the PAMR ratios
because it reduced the effect of variable electrode placements and muscle fatigue. The
use of the BRLBLR 50 ms ISI configuration in a two-channel recording, which
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responses were later averaged to obtain the final binaural, ipsilateral and contralateral
potentials, allowed comparable responses to be recorded from both ears. Without using
this method, a reliable binaural recording of the PAMR could only be achieved using
long stimulus intervals of 140 ms. This means that the test duration would be longer and
may not be effective for testing children in a screening environment. Effective
activation of both PAM was achieved using alternating gaze method, which was
preferred by subjects than the fixed gaze method. The presentation of stimulus at 50 dB
above the individual‟s hearing thresholds allowed for large binaural, ipsilateral and
contralateral PAMR to be recorded without having to be concerned with acoustic
crossovers and middle ear reflexes.
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Chapter 5
Methodology of the population study
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5. Methodology of the Population Study
5.1

Introduction

This chapter explains the protocol and procedures carried out in the main study. All
procedures and protocols, including those for the preliminary studies described in earlier
chapters, complied with The University of Western Australia‟s human rights guidelines
(Project number RA/4/1/1609). The main study was also approved by the ethics
committee of the Department of Education and Training, Western Australia.
The main testing was carried out on subjects in the school setting in a single school
day session. All subjects underwent five types of testing. They were two standard
peripheral hearing screening tests, one standardized central auditory processing test, and
the two investigational tests of binaural hearing (the MP3 group DH test and the PAMR
test).
5.2

Subject Selections

A maximum of 30 year 4 and/or 5 classes between the ages of 8 to 12 years old from
14 schools within the Perth Metropolitan area were recruited. The number of students
recruited per school was based on the test organization model described later in this
chapter, which considered the maximum number of students that can be effectively
tested in one school day session. Students in this age range were believed to be able to
reliably carry out all tasks set out in this study. From the 14 schools selected, seven
schools were situated in high socio-economic areas, and another seven schools were
situated in low socio-economic areas, as defined by the Socio-Economic Indices for
Advantages (SEIFA) 2001. Selections of schools were made randomly within these
areas.
The recruitment process began with obtaining permission from the Department of
Education and Training, Western Australia, to approach the principals of the primary
schools situated within the sampling areas. Upon approval, letters were sent to the
school principals inviting their participation in the research project. Once accepted, a
meeting was organized with the principals and/or the class teacher to further discuss and
clarify the details of the school testing. This was usually done 2 to 4 weeks prior to
undertaking the research at their school.
Letters to parents were forwarded soon after, by the class teacher, which included an
information sheet, a consent form, a simple questionnaire (The Scale of Auditory
Behaviours (SAB); Summers, 2003), and a sealable return envelope. All letters and
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forms are included in Appendix 5A. Parents were given a week to return the form and
questionnaire to the class teacher, sealed in the envelope provided. Informed consent
was also obtained from the subjects prior to the start of the school testing.
5.3

Tests

The five test procedures carried out for each participant, were (i) middle ear
screening and (ii) hearing screening, which were the two standard procedures used to
measure the peripheral hearing system; (iii) the multiple auditory processing assessment
(MAPA: Schow, 2007), which was the standardized measure of auditory processing
chosen for this study; (iv) the group MP3 directional hearing (DH) test and (v) the
PAMR test, which were the two investigational tests hypothesized to be able to costeffectively identify subjects with CAPD.
5.3.1

Middle Ear and Hearing Screening

For middle ear screening, each subject underwent otoscopic examination and
screening tympanometry. The subject‟s ears were examined for any abnormalities, such
as wax occlusion, perforated tympanic membrane, inflammation, and the presence of
foreign bodies. A subject was considered to pass the middle ear screening when no
obvious abnormalities were detected in the ear canal and the ear drums, and the
screening tympanometry met the following conditions:
1. Ear canal volume of 0.2 mmho through 1.8 mmho
2. Admittance peak of 0.3 mmho through 1.8 mmho
3. Pressure peak of +100 daPa through -190 daPa
The subject‟s hearing was screened at 0.5 kHz, 1 kHz, 2 kHz and 4 kHz, measured at
the level of 20 dBHL. A subject was considered to fail the hearing screening when they
failed to respond at 20 dBHL to two out of three stimulus presentations, for at least one
test frequency, in at least one ear.
The form used for the screening results are shown in Appendix 5B.
The middle ear screening took about two minutes to complete per subject, and the
hearing screening took about three minutes. Subjects were not excluded from the study
if they failed the screening, because part of the study objectives was also to investigate
the effects of the peripheral hearing function on the outcome of the investigational tests.
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Calibration of middle ear and hearing screening equipment
Several tympanometers and audiometers were used in this study to enable
simultaneous testing of a number of subjects. All tympanometers and audiometers were
manufacture-calibrated prior to the start of the school testing. Biological daily
calibration was also carried out at the start of each testing day.
5.3.2

Screening for CAPD

Multiple Auditory Processing Assessment (MAPA)
As mentioned earlier, due to the complexity of the disorder, there is no one test that
can reliably identify CAPD. We decided on using the Multiple Auditory Processing
Assessment (MAPA) instead of the SCAN test because factorial analysis study have
shown that it covers more auditory domains as described in ASHA‟s 1996 guidelines
(Domitz and Schow, 2000). The MAPA has also been reported to have a high sensitivity
of 83%, though the specificity was slightly lower, but reasonable at 85 % (Shiffman,
1999), whereas the SCAN test was reported to have only 45 % sensitivity (Domitz and
Schows, 2000). Having said this, there will always be issues when reporting sensitivity
and specificity of tests of CAPD, since the sensitivity and specificity would depend on
the test or tests that it was measured against, which is problematic since there is no gold
standard measure for CAPD.
In terms of feasibility, the MAPA test is similar to the SCAN test, in that it
incorporates a battery of test that aims to assess the various auditory processes, and uses
CD technology that allows for application in the classroom.
There were eight subtests available in the MAPA CD, but the five subtests used in
the present study were recommended for use in screening by Schow (2007), and were
the five subtests said to collectively measure the three auditory domains mentioned
above. The following describes the MAPA subtests:
MAPA Monaural Selective Auditory Attention Test (MSAAT): The MAPA MSAAT
required the monaural presentation of monosyllabic words selected from the WIPI word
list embedded in competing high-interest speech, spoken by the same speaker. This test
was said to load strongly on the monaural separation closure (MSC) domain (Summers,
2003). The total score for the left and the right ears was derived by counting the words
repeated correctly.
Tap test: The tap test involved a series of tapping sounds presented at an interval of
120ms. For this test, the subjects were asked to count the number of taps heard, which
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were later summed to derive the total score. The test was found to factor strongly in the
auditory pattern/temporal ordering domain (Summers, 2003).
Pitch pattern (PP): This test was also found to factor in the auditory pattern/temporal
ordering domain (Summers, 2003), modelled after the Frequency Patterns (FP) Test as
described by Musiek and Pinheiro (1987). But unlike the FP test, the MAPA PP
presented four sequences of high and low tones instead of three (e.g. high-high-lowhigh). The four-tone sequences were used to overcome the ceiling effect found when
using the original three-tone FP test (Shiffman, 1999). Subjects were asked to either
describe the tones (e.g. in „high‟ or „low‟) or hum the tones. However, to avoid a „floor
effect‟ due to the greater demands on memory, the MAPA PP accepts the reversals of
tones as correct (e.g. high-high-low-high series of tones reported as low-low-high-low).
Dichotic digits (DD): This test was based on the dichotic digits (DD) test developed
by Musiek (1983), where subjects were presented with two digit pairs to both ears
simultaneously and were required to repeat all four digits heard in both ears, by
repeating the items in the right ear first, then the left ear first. Again, Shiffman (1999)
found a ceiling effect when using only two digits, especially when testing older
children. To avoid the ceiling effect, the MAPA DD incorporated the use of a three
number sequence in both ears (eg. 6-2-8 in the left ear and 3-4-1 in the right ear).
Taking into consideration the difficulty of this method, the scoring put less emphasis on
the order of the numbers repeated, and only looked at the presence or absence of the
numbers. This test was found to load on the BIBS auditory domain (Summers, 2003).
Competing sentences (CS): This test was based on the competing sentences test
introduced by Willeford (1985), where two different sentences were presented
simultaneously to the left and right ear. The original procedure, however, required the
subject to direct their attention to one ear and ignore the sentence in the other ear, but
due to the ceiling effect found using this procedure (Shiffman, 1999), the MAPA CS
asked for the subjects to repeat both sentences, starting from the right ear first, then the
left ear first. Sentences must be repeated with 100% accuracy to be considered correct.
However, subjects were not penalized for reversing the order of the sentences. This test
also loaded strongly on the BIBS auditory domain.
All of the scoring methods used were as described in the MAPA manual (Schow et
al., 2007)
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MAPA test procedures
The procedure carried out in this study followed closely the procedure described in
the MAPA manual, except that the test was played out via the Windows Media Player
of a laptop rather than a CD player. There was no special reason for the use of laptops
instead of CD players in this study, only that they were also used to host the PAMR test,
enabling the interchangeable use of laptops for the PAMR test in case of any technical
fault, or when the PAMR laptop ran out of battery. Two sets of headphones were
arranged, one for the subject (Sony MDR-XD100 stereo headphone) and one for the
tester (Digitor C4142 stereo headphone). The recording was presented at 70 dBSPL, so
that normal hearing subjects would hear the stimuli at approximately 50 dBHL. The
level was verified by the individual subject to be at their most comfortable level (MCL)
during testing.
All instructions were already recorded on the MAPA CD, and testers only have to
play the recording and clarify the instructions when the subject appeared confused or
consistently responded inappropriately. Otherwise, the test would be played out
continuously without pausing to give extra time for the subject to respond. Verbal
responses of the subject were recorded into a MAPA scoring form (Form A) and the
total scores were tabulated into a MAPA summary sheet. The raw scores obtained for
each subtest in the three auditory domains tested, were then compared with the mean
and standard deviation (SD) table (Summers, 2003), for the right age group, for each
subtest. A subject was considered to be at risk for CAPD if their score falls below 2 SD
in at least one subtest, in at least one domain. All of the MAPA documents used are
included in Appendix 5C.
MAPA test time: The MAPA recording of the five subtests took 21 minutes to
complete, however 40 minutes were allocated for each subject, allowing time for the
subjects to settle down for testing, and for testers to clarify the instructions, when
needed.
The Scale of Auditory Behaviors (SAB) Questionnaire
To provide insights into the auditory behaviour of each subject, both parents and
class teacher were asked to complete the simple SAB questionnaire provided with the
MAPA test set. The teacher was asked only to fill in the questionnaire for students who
they suspected may have listening problems. A score below 30 from a maximum of 60
was taken as indication of a listening problem requiring attention (Schow et al., 2007).
Because a score of 30 may be too high a value for an at-risk criterion, the outcome of
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the SAB questionnaire was only used to identify subjects with „ no obvious listening
problems‟, and not for any diagnostic purposes. A sample of the SAB questionnaire
given to the parents and the teachers are also included in Appendix 5A, together with
invitation letters and consent forms.
Calibration of CAPD screening equipment
Because the testing was carried out in stereo, the left and right output of the laptop
soundcard and headphones used were confirmed to be acoustically symmetric.
5.3.3

Investigational tests of binaural hearing

The Group MP3 DH test
The DH test as described in Chapter 3 was carried out on all subjects in a group
setting, with the use of user-friendly MP3 players. Subjects were instructed to plot their
responses on the DH score lines to represent the perceived location of a series of noises
in the horizontal space.
The DH recording took 16 minutes, but a 1 hour session was allocated for the DH
test, to allow time for live instructions, demonstrations, a practice session, and a break
in between sub-tests.
The PAMR test
In order to derive the PAMR ratios, which were the responses of interest in the
PAMR test, the binaural recording of the binaural, ipsilateral and contralateral responses
of the PAMR were obtained using the PAM to pinna electrode montage, as described in
Chapter 4. Because of the use of the BRLBLR stimulus train configuration, and because
of the robustness of the responses relative to the EMG noise, it was possible to record
two repeats of the binaural, ipsilateral and contralateral PAMR in less than 2 minutes.
However, 8 minutes were allocated for each subject, to account for the preparation time.
A detailed explanation of the PAMR test procedure adopted in the population study is
provided in Chapter 8.
5.4

Overall test procedures

Different models of test organization were theoretically tested to find the most
effective ways of carrying out the five tests on 30 subjects in one school day session. It
was apparent when going through the thought experiments that a number of trained
testers were needed, and that timing issues should consider not only test-related factors,
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such as testing time and test requirements, but also factors such as motivation and
concentration levels of children, and the differences in timing between schools.
5.4.1

Testers

The organizational model that was ultimately adopted required seven testers,
including the researcher, who carried out most of the investigational tests. The other six
testers were students of UWA, recruited from the discipline of Audiology, Psychology
and Education. The audiology students already had more than one year of clinical
experience and were therefore responsible for the hearing and middle ear screening.
One audiology student also carried out one session of the PAMR test. All six testers
were needed for the MAPA test because the test took the longest to complete. To ensure
consistency in testing between testers, training and strict guidelines were provided to
them. Prior to the school testing, all testers were briefed about the test organization and
their specific roles.
5.4.2

Test locations

Based on the requirement of acceptable background noise level for each tests, and
the number of test stations necessary for the effective testing of 30 subjects, we asked
for two rooms in the school complex to be used as test rooms.
5.4.3

Room setup and rationale

The test room setups are illustrated in Figure 5.1.
Room One
This was usually the subjects‟ own classroom, which was set up for the group MP3
DH test and middle ear screening. Because the DH test was done at supra-threshold
level, and the stimuli were delivered through ear-bud earphones that attenuated the
background noise by 15 to 20 dB (as estimated using biological calibration on four
subjects), we believed that it was not necessary to have a very quiet room to hold this
test, provided that the noise level was not too loud. Steps were also taken to ensure that
any distraction was kept to a minimum, for example, by rearranging subject‟s seating to
face the front of the classroom, and keeping the subjects as much apart from each other
to discourage interaction between them.
The classroom was also considered to be a suitable location for carrying out middle ear
screening, because the screening results were not affected by noise. Placing the middle
ear screening station at the back of the classroom, to be carried out immediately after
the DH test, was also found to conveniently reduce moving time between test stations.
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Figure 5.1. The room setups for the individual tests. The exact placement of the test stations could differ
between schools, depending on the size and content of the rooms. The arrows represent the test flow.
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The classroom was also used as a waiting room for part of the morning session
before the normal class commenced. Having testers conduct the middle ear screening in
the same room allowed for some form of subject monitoring.
Room Two
There were two set-ups for the testing carried out in this room. The first set-up was
for hearing screening, and the second was for the MAPA test that was carried out later
in the day. Both set-ups also included stations for the PAMR test. Because the hearing
screening was susceptible to background noise, and the MAPA test required a lot of
concentration from the part of the subject, the availability of a suitably sized quiet room
was made a prerequisite for testing at the school. The library or the music room was
usually allocated for this purpose. If the room was not large enough, PAMR testing
would sometimes be done in a different room.
5.4.4

Test organization

The school testing was organized in session blocks, as shown in Figure 5.2. In the
session blocks, a single test may have up to six setups, which allowed for a number of
subjects to be simultaneously tested. It was found that by organizing the testing in this
way, and having groups of subjects tested according to the tests in-session, it was
possible to complete the testing in half the time it would take if the tests were to be
completed for each subject in one session. Taking the subjects out of their classroom in
groups also provided them with breaks in between testing, without unnecessarily
prolonging the test time. The order of the tests carried out, the time allotted for each
test, the number of test stations, and test locations were chosen based on factors such as
the time it took for a specific test to be carried out on a subject, test difficulty, and test
susceptibility to background noise level.
The tests conducted in the session blocks were:
i.

the group DH test, carried out in the first hour. By the end of this session, all 30
subjects would have completed the test.

ii.

the middle ear and hearing screening and a session for the PAMR test. By the end
of this session that ended at morning break, 30 subjects would have completed
the middle ear and hearing screening, and 10 subjects would have completed the
PAMR test.
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Figure 5.2. Test organization for one typical school day session. Timing could differ between schools.

iii.

five 40-minute sessions for the MAPA and four 40-minute sessions for the
PAMR test that was carried out after morning break. In each session, 6 subjects
would have completed the MAPA test, and 5 subjects would have completed the
PAMR test.

5.4.5

Protocol for school testing

Equipment set-up
Testers arrived an hour prior to the start of the school testing to set-up and check
equipment that they were assigned to for the day, by going through a simple checklist.
The session before morning break
There were two parts in this early morning session. The first part was the group MP3
DH test that started at 9.00 am. A one hour period was allocated for this session. Non
participating students were taken out of the room by the class teacher to do other school
activities.
All subjects went for the middle ear and hearing screening immediately after the DH
test. Some subjects also went for the PAMR test. All of these tests required little
thinking, which seemed to be the appropriate tests to follow the DH test. Though the
group DH test was simple to carry-out, it did require active listening by the subjects.
Two test stations were set-up for the middle ear screening, three for the hearing
screening, and two for the PAMR testing. As mentioned earlier, the middle ear
screening was carried out in the classroom itself. Six subjects at a time were taken out
of the classroom for the hearing screening, and another four subjects for the PAMR
testing. Taking into account the number of test stations in each session, the duration of
the individual tests allocated for each child in the forty minute session were: 2 minutes
and 40 seconds for the middle ear screening, 4 minutes for the hearing screening, and 8
minutes for the PAMR test.
The session after morning break
The second session began after morning break with the continuation of the PAMR
test, and the start of the CAPD testing using MAPA. One tester was responsible for
getting small groups of subjects from and to their classroom every 40 minutes.
Because the MAPA test took the longest to carry out: six test stations were set-up for
the MAPA test, and only one for the PAMR test. Nevertheless, steps were taken to
prepare for times when the PAMR test took longer than expected. This was the reason
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why, in the organizational model, the PAMR test session started earlier in the day, and
was not allowed to run over the last session block, thereby providing some extra time
for the completion of the PAMR test in such cases.
The difference in timing between the PAMR and the MAPA test means that there
was some waiting occurring between the two tests. To avoid subjects waiting to be
tested from disturbing a test in-progress; they were given activity sheets about ear and
hearing to complete, and books to read. The subjects were also allowed to watch the test
process of their peers without making too much noise. The subjects were not sent back
to their classroom during this time, to reduce interruptions to the classroom, and moving
time of subjects. This session continued until the end of the school day, with a break at
lunch time.
Ensuring the smooth-running of the test procedure
To ensure that no subjects were left out, one tester was given the name list of all
participants, and was given the responsibility of getting the subjects from and to their
classroom. To reduce the possibility of the same subjects having to complete both the
PAMR and the MAPA test in the last session of the day, the order of the subjects called
from the name list for the two tests were reversed. This ensured that the subjects called
for the last test, had already carried out the other test in the same session earlier in the
day.
Additionally, to keep track of the subjects and the tests completed, each child was
given a card with their name on it. For each test completed, a sticker specific to a type
of test was given, allowing for the testers to know the test/s that had been completed by
a subject, without having to check the name list. By looking at the stickers on the card,
testers would be able to tell whether a child needed to go for the next testing, or needed
to be sent back to their classroom. The last sticker was a big reward sticker to indicate
that the whole test series had been completed. The stickers were also found to keep the
children motivated throughout the testing day.
5.5

Feedback to parents and school principals

The outcomes of the standard tests for each subject were collated to be given to their
parents, along with recommendations on what to do next. The feedback letter to parents
was forwarded by the class teacher in a sealed envelope. Failure in the middle ear
screening would result in a recommendation to see a general practitioner, and failure in
the hearing screening and the MAPA test would trigger a recommendation to see an
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audiologist for further audiological assessment. Parents were also given a directory of
Audiology clinics in the Perth Metropolitan area, with those that provided services for
CAPD identified. The recommendations were made directly to the parents, written in a
standard form, while the schools were provided with a general summary of the
screening results for the whole class (Refer to Appendix 5D). No specific names were
given to the school for confidentiality purposes, though the parents were strongly
encouraged in the feedback letter to discuss the findings with the class teacher.
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General findings of the population study
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6. General Findings of the population study
6.1

Introduction

This chapter presents the outcomes of the school screening. The screening results
provided insights into the state of hearing of year 4 and 5 students from schools located
in different socioeconomic areas within metropolitan Perth. Higher failure rate in CAPD
screening were found in schools situated in the low income neighbourhood, suggesting
a high prevalence of CAPD in this area. This may account for the poor educational
outcome often seen in students of low socioeconomic backgrounds. However, the scope
of the present study is not able to provide any conclusive association regarding this
matter.
6.2
6.2.1

Overall screening results
Participants

From sixty four schools within the Perth metropolitan areas that were approached for
their participation, only fourteen schools agreed to take part in the study (22%). Seven
of the schools were located within high socio-economic areas (The HSES schools) and
another seven schools were located within low socioeconomic areas (The LSES
schools). Three hundred and eighty nine invitation letters were sent out to parents of
year four and/or five students of the 14 schools. Of those students, two hundred and
seventy (69.4 %) were given consent to participate. Fourteen students were absent
during the day of testing, reducing the total number of participants down to two hundred
and fifty six. The subjects were in the age range of 8 to 12 years (mean age 9.98 ± 0.67
years). One hundred and twenty nine subjects were female and one hundred and twenty
seven subjects were male. One hundred and twenty two were from the low
socioeconomic areas and one hundred and thirty four were from high socioeconomic
areas. Table 6-1 summarizes the subject characteristics of the different school groups.

Table 6-1. Sex and age characteristics of subject population
Males

Females

Average age (SD)

Total

LSES Schools

61

61

10.1 ± 0.67

122

HSES Schools

66

68

9.80 ± 0.64

134

Total

127

129

9.98 ± 0.67

256
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6.2.2

Test completion

Most subjects were able to complete all of the testing carried out in their school using
the test organizational model as explained in Chapter 5. Of the 256 subjects, all subjects
completed the middle ear testing, 255 subjects completed the screening audiometry, 247
subjects completed the MAPA test, 253 subjects completed the group MP3 DH test and
231 subjects completed the PAMR test. The results for the experimental tests are
described in detail in their individual chapters.
6.2.3

General observation

In general, the students from the LSES schools were found to be less compliant and
were more easily distracted during testing, especially during the group directional
hearing test. In some schools, teachers were needed to be in the classroom to help the
testers manage the students during testing. Most students however, performed the oneto-one test procedures, of both the standard and experimental tests, without any
problems.
6.2.4

Hearing and CAPD screening results

Figure 6.1 shows the overall screening results for the schools located in both high
and low socioeconomic areas, with descriptions provided below.

50
45

HSES

Failures (%)

40
35

LSES
31

30
25
19

20

16

15
10

15
11

8

5
0
ME testing

Hearing screening

MAPA

Figure 6.1. The overall findings from the standard peripheral and central hearing tests for both high and
low socioeconomic schools (Middle ear screening, n = 256; hearing screening, n = 255). The MAPA
results only included normally hearing subjects (n = 194).
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Middle ear and hearing screening
Of the 256 subjects who completed the middle ear screening, 12% failed the
screening, with failures found to be more in the LSES than the HSES schools at 16%
and 8%, respectively. As for the screening audiometry, 14% of the subjects failed the
testing from the 255 who completed the test. Again, the trend was that the rate of
failures in the LSES schools were higher than the HSES schools at 16% to 12%,
respectively.
Table 6-2 shows the percentages of the types of tympanograms obtained, by age,
school SES and season of testing. Type B tympanogram is identified, indicating the
possibility of the presence of otitis media with effusion (OME).

Other types of

typanograms obtained were Type C, As and Ad. Overall, Type B tympanogram was
obtained in 17 of the 256 subjects (6.6%), 14 of whom were present unilaterally. There
was no evidence of an association between a Type B tympanogram with age (p = 0.2),
season of testing (p = 0.8) or socioeconomic status (p = 0.5) analyzed using categorical
regression analysis.
Table 6-2. Children with abnormal middle ear function by school groups and seasons of
testing
N

Age
8 to 9:11 yrs

LSES Schools
Type C, Type B
As, Ad
(%)
(%)

N

HSES School
Type
Type B
C, As,
(%)
Ad (%)

N

All Schools
Type C, Type B
As, Ad
(%)
(%)

56

6 (10.7)

5 (8.9)

78

1 (1.3)

6 (7.7)

134

7 (5.2)

11 (8.2)

66

3 (4.55)

5 (7.6)

56

1 (1.8)

3 (5.4)

122

4 (3.3)

8 (6.6)

122

9 (7.4)

10 (8.2)

134

2 (1.5)

9 (6.7)

256

11 (4.3)

19 (7.4)

Autumn

36

5 (13.9)

2 (5.6)

44

0 (0.0)

4 (9.1)

80

5 (6.3)

6 (7.5)

Winter

32

5 (15.6)

2 (6.5)

0

0 (0.0)

0 (0.0)

32

5 (15.6)

2 (6.3)

Spring

54

1 (1.9)

4 (7.4)

73

1 (1.4)

4 (5.5)

127

2 (1.6)

8 (6.3)

Summer

0

0 (0.0)

0 (0.0)

17

1 (5.9)

1 (5.9)

17

1 (5.9)

1 (5.9)

122

11 (9.0)

8 (6.6)

134

2 (1.5)

9 (6.7)

256

13 (5.1)

17 (6.6)

10 to 11:11 yrs
Total
Season

Total

Of the 255 subjects with audiometric data, 14 (5.9%) subjects had bilateral
impairment, while 21 (8.2%) subjects had unilateral impairment. Again, no evidence of
an association with age (p = 0.73), season of testing (p = 0.17) or socioeconomic status
(p = 0.49) was found.
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Using a combined pure tone and tympanometry screening protocol, the percentage of
failures in the schools within the Perth Metropolitan areas reaches 22%. The
percentages of failures using the combined screening protocol were 25% in the LSES
schools and 19% in the HSES schools, though no significant difference was found
between the two school groups.
CAPD Screening
Of the 194 normal hearing subjects who completed the MAPA test, 47 (24%) failed
the screening. The LSES schools were found to have a higher failure rate in the CAPD
screening than the HSES schools, and remarkably high at that, with almost a third
(31%) of the normal hearing subjects failed the CAPD screening test, although no
significant difference was found (p = 0.07) between the two school groups. The HSES
schools failure rate was also found to be high, at 19%. Analysis carried out on age and
gender, found no evidence of an association between the MAPA results and age (p =
0.38), but did find a significant relationship with gender (p = 0.02), where male subjects
tended to have a higher failure rate than female subjects, at a 2:1 ratio.
Studying the MAPA results more closely, it was found that a majority of the subjects
who failed (87.2%), failed in only one of the three auditory domains tested (MSC,
APTO, BIBS), with most failures was in the MSC domain. The rest (13.8%) was found
to fail in a combination of two of the three domains, with no subjects failing in all three
domains. Table 6-3 showed the descriptive statistics for all of the MAPA subtests,
according to the different school groups. It is interesting to note that the subjects from
the LSES schools were found to score significantly lower in the PP subtest (T = 5.75,
p = 0.000) compared to the subjects from the HSES schools when tested using
independent t-test. Recall that the PP subtest was a non-verbal test included in the
APTO domain, which was reported to measure the auditory temporal skills.
6.3

The variations of the screening results between individual schools

Further investigations were carried out on the individual schools to see if the overall
findings were biased in any way. This is because subjects were sampled from various
schools, from various suburbs within the Perth Metropolitan area, thus the results may
be affected by the extremes of one or a few of these schools. Figure 6.2 illustrates the
variations between the results of the individual schools within the same socioeconomic
group, with the percentage of subjects who passed all of the screening tests shown in
Table 6-4. Considerable differences in the results of middle ear, hearing
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Table 6-3. Descriptive statistics of the MAPA results of normal hearing subjects.
Domain/Subtest
MSC
MSAAT RE
MSAAT LE
APTO
Tap
PP*
BIBS
DD
CS RE
CS LE

LSES Schools (n=88)
Mean
Interquartile
Score (SD)
range

HSES Schools (n=106)
Mean
Interquartile
Score (SD)
range

11.5 (3.74)
10.8 (3.85)

8.8-14.0
7.8-14.0

10.7 (3.24)
10.8 (4.61)

9.0-13.0
8.0-13.0

25.0 (4.45)
12.1 (5.30)

22.0-28.0
8.8-16.3

25.0 (4.92)
15.9 (3.84)

23.0-29.0
14.0-18.75

75.8 (17.11)
13.6 (4.38)
14.2 (4.68)

63.5-88.0
10.0-16.0
11.0-17.0

78.9 (13.16)
14.6 (4.19)
14.6 (4.66)

69.0-86.0
12.0-18.0
11.0-18.0

Independent samples t-test comparing the MAPA score of children from LSES and
HSES schools. * T = 5.75, p = 0.000
and CAPD screening were observed between the schools, with the findings of some
schools differing largely from other schools within the same socioeconomic group.
6.4

Discussion - Peripheral hearing status of Perth school children

One of the main objectives of the present study is to investigate the CAPD
occurrence in primary school children in the Perth metropolitan area, in relation to
socioeconomic status. In the process, data of the middle ear and hearing function were
obtained, providing insights into the state of hearing of year 4 and 5 students in the
population.
In general, a high percentage of students in metropolitan Perth were found to fail the
peripheral hearing screening test, with rates that went above 20%. Findings from
previous studies that used a similar screening protocol, reported a failure rate in the
range of 3% to 40% (Castagno and Lavinsky, 2002; Williams et al., 2009), which varied
depending on the student‟s age and socioeconomic background, and also the seasons in
which the testing was carried out in. Considering that the screening in this study, were
done on children over the ages of 7 years, in suburbs situated close to the city; the high
percentage of failure, particularly for the pure tone screening, may indicate a high false
positive rate resulting from an undesirable background noise levels experienced in some
of the schools. Having said this, there was a report of high incidences of middle ear
diseases and hearing loss in aboriginal children in Perth of up to 40% (Williams et al.,
2009), and this could have been reflected in this study.
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Figure 6.2. Individual schools findings showing the overall screening results. Solid lines are the mean percentage for failures in the MAPA test, and broken lines are the mean
percentage for failures in the middle ear and hearing screening.

Table 6-4. Children who passed both the peripheral hearing and CAPD screening.
LSES Schools

% of children with
no abnormalities

TRP

BRP

28

54

MRP
50

HSES Schools

NLP

CBP

BYP

LGP

ARP

FLP

KSP

CHP

MYP

39

65

53

59

67

68

57

65

76

92

BLP
76

WDP
50

Because schools of low socioeconomic background were consistently found to also
have poor educational outcome, the implication of poor auditory acuity on school
performance should not be disregarded.
6.5

Discussion – The prevalence of CAPD in Perth school children

The high failure rate in the MAPA suggested an alarming incidence of CAPD
occurrences in primary school children in metropolitan Perth, with failures in schools
situated within low socioeconomic areas were found to go over 30%. This rate, as well
as of those in the high socioeconomic areas, are significantly higher than the estimates
of oversea studies that quoted less than 10% occurrences of CAPD (Bellis, 1999;
Chermak and musiek, 1997; Musiek et al., 1990). The prevalence quoted however, was
based on best estimates rather than actual prevalence studies. As far as we know, there
are no published studies that included socioeconomic status as a factor.
The 30% estimate may have also been contributed by the high failure rate in one
school (School TRP). The principal of this particular school has advised us that many of
the children in the school have poor listening behaviour, shows poor academic
performances, and more than 60% of their pre-school children have middle ear
problems. Having said this, the subjects selected in this study were observed during the
school testing to be able to carry out the tests reliably.
Apart from the possibility of higher auditory dysfunction, other factors may have
influenced the children‟s poor performance in the MAPA, such as the less than ideal
school setting to do the testing and the use of American normative data which itself may
have been a barrier to Australian Paediatric listeners. These issues are further explained
below. However, this finding does raise concern about the prevalence of CAPD in the
LSES schools especially because it is consistent with the outcome of the DH test that
shows that the children in the LSES schools have difficulty in making simple left right
judgment in the presence of normal hearing. Although significant differences was not
found in the overall MAPA results between the LSES and the HSES schools, the
investigation carried out on the individual MAPA subtests did show evidence of an
association between the performance on the MAPA PP subtest with socioeconomic
status.
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6.5.1

Other contributing factors

Apart from problems in the auditory system, there may be other reasons that could
have contributed to the findings. Some of these issues formed part of our study
limitations. The issues are explained below.
Selective participation
Though the overall subject participation almost reached 70%, participation rates from
the individual schools did vary (range between 25% to 96.8%). Because active consent
was required, subject selection may in some ways be biased by the parent‟s initial
suspicion of their child‟s state of hearing. Depending on their background, parents who
suspected their child to have hearing problems and/or CAPD may be more likely to
provide permission for their child to take part in the study, although other parents may
be anxious about getting a positive diagnosis. Selective participation could also occur at
a higher level, where the school principals could have suggested the class that they were
more concerned about.
Language issue
Detailed demographic data was not obtained in this study, but it was observed that
the subjects in the LSES schools were more culturally diverse than the subjects from the
HSES schools, which included students whose families have migrated from other
countries. While all of the subjects did speak and were able to comprehend English
well, some students were bilingual. Studies have shown that the performance of subjects
who are not native speakers, on activities that require comprehension, are more likely to
be affected by lack of redundancy and/or stressful environments than the performance
of a native speaker (Boyle, 1984), and therefore may have resulted in the students being
less able to perform on tasks that are more linguistically demanding.
Subject motivation
Subjective test performance could be influenced by subject motivation, which could
in turn, be influenced by many factors, such as health- or family-related issues. These
issues may be more significant for subjects from the LSES schools than the HSES
schools.
Accent-effect of the verbal test material
As with most speech tests of CAPD currently adopted in clinics throughout
Australia, the verbal test material of the MAPA used in this study was delivered in an
American accent. Because failure in at least one of the MAPA domains would already
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be considered as at-risk for CAPD, there is a concern that subjects were over-referred
due to unfamiliar accent rather than actual physiological problems in the auditory
system. This factor was investigated by making a comparison between the MAPA
findings of normal hearing subjects in the present study to those of the US-based norms
(Summers, 2003). This is discussed in the next section.
6.5.2

Comparison of the MAPA results with the US-based norms

The MAPA results of normal hearing subjects were compared to the US-based
normative data, by age. The mean and standard deviations of the MAPA individual
subtest were calculated and compared to the mean and standard deviations obtained by
(Summers, 2003). Figure 6.3 makes comparison of the data in these studies.
No significant differences (p = 0.07) were found for the MSAAT subtests between
the present study and those of Summers (2003), suggesting that there were no obvious
accent effect for the MAPA test. Accent effect was found to be present for the SCAN
test in the study by Dawes and Bishop (2007), on a sample of British children. The
results obtained for the MAPA test in the present study would therefore be comparable
with the US data. Having said this, the mean age group of subjects in the present study
was higher than those of Summers (2003), and this age factor may have reduced the
differences between the two studies. The higher failure rate observed in this study as
compared to the original American data of 11% (Shiffman, 1999) even when using the
same pass/fail criteria also suggest that accent effect could be present.
Significant differences were found for the other tests in the MAPA battery, in the 8
to 9:11 age group, with better results found for the Australian children than their US
peers (p < 0.05). It should be noted, that the tests incorporated in the other two domains
were not heavily loaded linguistically, and by mean age comparison, involved an older
group of children.
6.6

Conclusion

Study of prevalence is not a simple undertaking, where CAPD is concerned. The
elusiveness of the disorder and the lack of gold standard measures have made it
extremely difficult to achieve a reliable estimate of CAPD occurrences in the
population. The aim of the present study was more about investigating the likelihood of
having CAPD between schools situated in different socioeconomic areas. The high
MAPA failure rate in schools situated in low income neighbourhoods suggest that
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problems in higher auditory function may have contributed to some of the issues often
observed in children with low socioeconomic background.

Age 8:0 to 9:11 years

Mean raw score

100

*

Present study
(n=97)
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(n=66)

60

40

*
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Age 10:0 to 11:11 years

Mean raw score

100

Present study
(n=97)

80

Summers, 2003
(n=53)
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CS(R)

CS(L)
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Figure 6.3. Student‟s t-test comparing the differences in the MAPA results, by age, between the present
study and those of Summers (2003). Higher MAPA scores suggest better auditory processing ability.
* p < 0.05.
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Chapter 7
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7. The Group MP3 Directional Hearing Test (Population study)
7.1

Introduction

This chapter describes the test process and the findings of the MP3 group directional
hearing test in the population study. A detailed report on 253 subjects‟ directional
hearing is provided, describing the general pattern of the responses and the effects of
age, sex and the school‟s socioeconomic locations on DH test performance. This chapter
also addresses whether the DH test relates to central auditory processes based on its
correlation with the MAPA results.
7.2

Test methods

The MP3 DH test was conducted in the first one-hour session. In most cases, the DH
test was carried out in the subjects‟ own classroom, with non-participating students
taken out by the class teacher for other class activities. In some cases, when there was
only a small number of students participating, or when the classroom was situated near
a noisy area, the DH test was carried out in another more suitable room (e.g. the library
or the music room).
7.2.1

Test room preparation

Before the start of the school sessions and before the subjects were allowed into the
classroom, all desks were kept apart and arranged to face the front of the classroom.
Placed on top of each desk was a folder with the three score sheets, and a sealed bag
containing an MP3 player and a black marker pen. The folder, the score sheets and the
MP3 player were labelled with corresponding numbers for accounting purposes and
ease of subject identification.
7.2.2

Test Procedure

Demonstration and instruction session
The DH test was promoted as a “Find the Animals” listening game, where students
were instructed to plot the perceived positions of the “animal sounds” on the score lines,
using the marker pen provided. A free-field demonstration of the DH test was carried
out prior to the start of the test to familiarize the students with the test signals presented
using portable speakers. Part of the session involved the students to close their eyes and
identify the location of the source of the free-field sound signals. They were then invited
to put a dot on a horizontal line drawn on a blackboard of where they thought the
sounds were coming from.

Several points regarding „response plotting‟ were

emphasized during this exercise. They were (i) that the dot can be plotted anywhere
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along the score line, (ii) that the dot has to be on the line, (iii) that there should only be
one dot for each line, and (iii) that it should only be a solid dot and not any other type of
responses (e.g. circle, cross). During this time, the MP3 player remained in the sealed
bag.
The students were required to work their own MP3 system. The instructions on how
to work the MP3 player were given just before starting the test, and were kept very
simple. Basically the students were taught how to play and stop the test recording using
the PLAY/PAUSE button, and how to adjust the volume using the VOLUME
CONTROL. They were asked to follow through the recorded instructions, describing
when to adjust the volume and when to stop the recording. However, they were
expected to start the testing together. After earphones were checked for fit, all subjects
were asked to „find the play button‟ and to „press it together at the count of three‟.
Because the removable earphone ear-buds came in three sizes (small medium and
large), subjects had the option to change the size of the earphone ear-bud if it did not fit
their ears. Supra-aural headphones (Digitor C4142 stereo headphone) were also
available for those who could not find the ear-buds with the right fit. However, there
were no instances that required the use of the supra-aural headphones. The ear-bud
earphones were only used once for each child, in each school. They were later cleaned
using ultra-violet light and thoroughly rinsed with 90% ethanol prior to reuse in another
school.
Test session
As explained in Chapter 3, there were three tracks in the DH test recording: the
„practice‟ track, the „let‟s play‟ track and the „let‟s continue‟ track, with titles displayed
on the LCD of the MP3 player. The recording played from one track to the other
continuously, which removed the need for the child to change the track themselves, but
still allowed the tester to reset the recording to a particular track when necessary. The
DH test began with a practice session. Confusions about the testing and the workings of
the MP3 player were clarified at the end of this session. This was then followed by the
first four subtests.
A „whole body wake up‟ was provided between the two halves of the DH test
session, which was done once everybody in the class had pressed the stop button (as
instructed at the end of the recording of the „let‟s play‟ track. This provided them with a
chance to stretch their legs, have a break, and refocus their concentration, and allowed
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them to synchronise their MP3 players for the final four subtests. After this 2-minute
rest session, the second half of the session began immediately, following through the
same procedure as explained above. Two helpers were present during testing to help the
children when problems were encountered during testing.
7.3

Results

Two hundred and fifty three subjects completed the DH test from the two hundred
and fifty six that participated in the school testing. Two were latecomers, of whom one
had other appointments outside the school in the first half of the morning, causing him
to miss the DH test session. One subject, who was later found to have been diagnosed
with CAPD, decided to stop the testing just after a few tries. Of these, one hundred and
twenty subjects were from schools situated within low socioeconomic areas, and one
hundred and thirty three subjects were from schools situated within high socioeconomic
areas. One hundred and twenty eight subjects were females and one hundred and twenty
five subjects were males, aged between eight to twelve years (mean age 9.98 ± 0.66
years).
7.3.1

Classroom observation

Generally, the group MP3 DH test took 45 minutes to complete, which included
instructions and a break in between the testing. Most of the children were excited to do
the „listening game‟ and enthusiastically participated in the briefing and demonstration
session.
Most children were able to work the MP3 players with little help. There were some
issues experienced while conducting the MP3 group DH test, which included the
accidental switching off of the MP3 player during testing, earphone slippage, and
misunderstanding of the instructions given. The schools situated in the low socioeconomic areas were mainly the ones experiencing more issues compared to schools in
the high socio-economic areas. It was also observed during the test that the children in
these schools were quicker to lose concentration, tended to copy their peers, and to give
other type of responses than those required (e.g. draw a big circle or crosses instead of
dots as per instruction, even after they were reminded not to). In some of these schools,
we recruited help from the class teacher to manage the classroom.
During the first half of the test session, a small number of subjects were still unclear
about the testing, in which case individual assistance was provided to them. They were
then encouraged to continue the testing without restarting so that they could finish the
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test together with their peers. These children usually did better in the second half of the
testing, and therefore were identifiable from those who have genuine directional hearing
problems. All children completed the second half of the DH test session without any
problems.
7.3.2

MP3 volume adjustment

All subjects were instructed to adjust the volume control of the MP3 player if they
could not hear the instructions comfortably. Most subjects (72.3% of the 253 subjects)
chose to stick to the default volume of 11. Forty eight subjects (19%) increased the
volume and another 23 subjects (9.1%) reduced the volume. Given that the MP3 system
was calibrated to be at approximately 50 dB HL, which is the comfortable level of
normal hearing individuals, it was anticipated that the adjusted volume could provide
some information regarding each child‟s peripheral hearing ability.
A comparison made between each child‟s „volume level‟ and their average hearing
threshold across frequencies and ears showed that there was a moderate correlation
between the DH volume and the child‟s hearing level (r = 0.61; p = 0.000; Figure 7.1).
However, it should be noted that because the aim of the study was identifying subjects
at-risk-for-CAPD and not subjects with hearing problems, we did not measure hearing
level below 20 dB HL, which was the acceptance pass criterion for audiometric testing
in this study. This may be the reason why we did not obtain a much higher correlation
between the subject‟s adjusted MP3 volume and their average hearing level.

Average hearing level (dB HL)

40

Turning down
volume

35

Turning up
volume

30

Default

25

20
5.0

10.0

15.0

20.0

25.0

MP3 volume

Figure 7.1. MP3 „volume level‟ as a function of average left and right hearing thresholds (n=253). The
data plot for each subject was randomized by 0.1 points to better represent the number of subjects that
participated. Hearing level was not measured below 20 dB HL. Pearson correlation r = 0.61 p = 0.000.
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Table 7-1 provides further information on the audiometric findings of (i) those who
turned down the volume (ii) those who chose to remain at the default level, and (iii)
those who increased the volume. Of the 205 subjects who set their MP3 volume at 11
and below („normal‟ or softer volume), a majority (86.3%) were found to pass the
hearing screening, defined to be at and below 20 dB HL (averaged across frequencies
and between ears). The 13.7% of subjects who failed the audiometric testing but did not
increase the volume of their MP3 player were mainly those who failed unilaterally,
though background noise could also contribute, especially for failures in the lower
frequencies. Of the 48 subjects who increased the volume level above 11, half of them
(54.2%) were found to fail the audiometric screening. It should be noted, that the
increase in volume was not necessarily high. Even an increase of one level (to volume
12), was considered an increase. This may explain why those who have normal
audiometric thresholds were also found to increase their MP3 volume. Other possible
reasons include high frequency hearing loss or simply a general preference to louder
sound intensity.
Table 7-1. Relationship between subject‟s MP3 volume adjustment and their
audiometric results and (n = 253)
Left and right ear average (dB HL)

MP3

Audiometric

Volume

results

<11 (n = 23)
(Softer)

Passed

21
(91.3%)

22
(95.7%)

22
(95.7%)

23
(100%)

23
(100%)

Failed

2
(8.7%)

1
(4.3%)

1
(4.3%)

0
(0%)

0
(0%)

Passed

156
(85.7%)

167
(91.8%)

175
(96.2%)

177
(97.3%)

180
(98.9%)

Failed

26
(14.3%)

15
(8.2%)

7
(3.8%)

5
(2.7%)

2
(1.1%)

Passed

22
(45.8%)

30
(62.5%)

33
(68.8%)

42
(87.5%)

44
(91.7%)

Failed

26
(54.2%)

18
(37.5%)

15
(31.3%)

6
(12.5%)

4
(8.3%)

11 (n = 182)
(Default)

>11 (n = 48)

(Louder)

Overall

0.5 kHz

1kHz

2kHz

4kHz

Volume 11 is the default level, where the test signals were calibrated to be at 70 dB SPL (~ 50
dB HL). A pass/fail criterion of 20 dB HL was used for audiometry.

The fact that there was correlation suggests that the adjustment in the volume of the
MP3 players could be used as indicators of the presence of peripheral hearing problems.
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Better correlation may have been obtained if lower default volume were used, or even
set at minimum, requiring a child to increase the volume to their most comfortable
level.
7.3.3

Outcome of the DH test

The DH score sheets of each subject were scanned using the Spotfinder software and
analysed for inconsistencies in Microsoft Excel prior to analysis using the Boltzmannfit
software (See Chapter 3 for software description). This was done to remove unreliable
data that could affect the DH results, as described.
Identifying inconsistencies in a subject‟s responses
Information could be gathered from the DH plots just by visually inspecting the
response patterns. Recall that each DH subtest assessed a subject‟s ability to identify
nine presentation points in the horizontal plain. Stimuli were presented twice at each
point to produce 18 points per subtest. Because there were four subtests in a DH test
session that were later repeated in a different order, altogether, a subject should respond
to a total of 144 stimulus presentations (2 stimuli X 9 presentation points X 4 subtests X
2 trials). From this large number of data points, deviations from the general pattern
could be visually detected. Deviations could be attributed to the changes in the listening
environment (distractions, earphone slippage), or subject motivation (practice effect,
listening fatigue). These aberrant responses were then removed to ensure that the bestfit analyses were not biased, as explained below.
An example illustrating inconsistencies of one subject‟s DH response pattern is
shown in Figure 7.2, for the moment disregarding diagnostic information. The
scatterplots show the perceived sound position (the DH response) versus the simulated
position, for all test conditions, in the two DH trials for subject CPC. It can be seen that
although he did well in the first subtest (the „easy‟ task), his performance faltered on the
subsequent tasks: the NBN ITD, HPN ITD and LPN IID, in that order. However, his
performance was found to improve on the second trial, given after a short break. We
believe that a training effect was present, especially for the more „difficult‟ ITD tasks.
As for the LPN IID, because it occurred last in the first trial and also followed more
difficult tasks, lack of motivation or interest may be the reason for the poor performance
in this task. We decided, therefore, to exclude the responses of subtests LPN IID,
NBNITD and HPN ITD of the first trial for that subject.
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Figure 7.2. The responses of subject CPC for all test conditions in the two trials. Note the slightly better responses in the second trial. Open circles are responses to first trial and
closed circles are responses to second trials.

The removal of all of the responses in either one of the two trials was only carried
out for 7 of the 253 subjects, where there were obvious between-trials inconsistencies.
More frequently, however, we excluded only a few points in any subject that deviated
from the overall pattern, to avoid response bias caused by these outliers.
General pattern of responses
As with Zakaria‟s (2007) findings, our subjects were also presented with similar
sigmoidal patterns of sound lateralization. Some had very steep slopes, while others
were almost horizontal. The responses were found to vary largely between test
conditions and between subjects. By looking at the scatter of the data, the HPN IID test
conditions were seen to be the easiest to do and to lateralize, with little scatter about
each subject‟s own best-fit or sensitivity function. The HPN ITD on the other hand, was
found to be the most variable.
Table 7-2 presents the descriptive statistics of the best-fit parameters for all normally
hearing subjects derived from their individual sensitivity functions for each of the
different stimulus conditions.

This provides further information on the response

variations. The Boltzmann parameters derived were the Eo (operating point), Z (slope),
max and offset. Also calculated was the mean square error relative to the individual
sensitivity function (MSEind). As can be seen, large variations were found for the ITD
tasks (for both NBN ITD and HPN ITD), as evident from the large standard deviation
and standard error values when compared to the values obtained from the IID tasks. The
IID tasks were also found to provide the widest response lateralization, as described by
the large response range (max), which was consistent with earlier findings (Pickles,
1988). The order of the stimulus conditions in terms of increased scatter and reduced
lateralization was: The HPN IID > LPN IID > NBN ITD > HPN ITD. High variations
between subjects were found for all response parameters of the HPN ITD, except for the
Z value (slope), where the slopes were generally very shallow (high Z value). On
average, the responses were found to be within only ±18° of azimuth.
As Zakaria (2007), we also found subjects with centre- and side-oriented responses,
and many with totally disoriented responses. There were several variations in the sideoriented responses observed in this study (all have low Z value), as shown in Figure 7.3.
Most subjects with this type of response correctly lateralized the stimuli to the same
side, but „overestimated‟ the degree of sound azimuth, so that small difference in the
inter-aural properties resulted in sounds perceived to be widely displaced. Other
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Table 7-2. Descriptive statistics showing the overall variations of the private scatter of
normal hearing subjects (n=199).
Response parameters

Mean

SD

SE

Interquartile
range

Operating point (Eo)
HPN IID
LPN IID
NBN ITD
HPN ITD

48.9
48.8
50.4
48.7

7.6
7.7
12.0
22.1

0.5
0.6
0.9
1.6

46.3 - 52.2
45.2 - 52.8
47.1 - 53.3
35.1 - 61.8

HPN IID
LPN IID
NBN ITD
HPN ITD

17.1
18.1
13.1
50.4

11.2
13.7
37.2
12.0

0.8
1.0
2.6
0.9

10.4 - 21.3
9.5 - 23.1
1.3 - 12.3
47.1 - 53.3

HPN IID
LPN IID
NBN ITD
HPN ITD

70.0
71.9
50.1
39.2

17.4
17.5
21.4
27.7

1.2
1.2
1.5
2.0

63.9 - 77.6
67.2 - 80.9
39.0 - 65.1
20.9 - 57.2

HPN IID
LPN IID
NBN ITD
HPN ITD

14.9
12.7
25.7
30.6

10.4
9.1
13.6
17.9

0.7
0.7
1.0
1.3

11.0 - 17.4
7.8 - 16.6
14.3 - 34.1
18.9 - 43.6

HPN IID
LPN IID
NBN ITD
HPN ITD

127.9
175.3
256.4
341.3

146.3
176.0
222.4
226.5

10.3
12.5
15.7
16.0

53.9 - 131.6
69.6 - 193.5
96.2 - 370.5
159.0 - 470.8

Slope (Z)

Response range (Max)

Offset

Mean Square Error

Table 7-3. Descriptive statistics for subject‟s mean square error (MSE) relative to
normal population (n=199).
Test conditions

Mean

SD

SE

Interquartile
range

HPN IID

198.1

240.5

17.0

94.5 - 189.2

LPN IID

295.0

279.5

19.8

135.9 - 310.6

NBN ITD

426.3

292.4

20.7

231.5 - 592.9

HPN ITD

474.5

270.2

19.1

234.6 - 665.9
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Figure 7.3. Some examples of the variations in the side-oriented responses. Open circles are responses to
first trial and closed circles are responses to second trials. It can be seen that the subject consistently
perceived the sound to almost always come from the far left or right positions, as evident from their sideoriented plots in the perceived position axis.
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showed evidence of left/right confusion, where sounds were perceived to come from the
opposite side. The subjects may or may not perceive the stimuli that came from the
middle point.
Left/right confusion clearly indicates some form of auditory dysfunction, as has been
shown in earlier investigations (Furst et al., 1995; Furst et al., 2000). However, there is
also probability that the low Z value were due to confusions in some subjects. That is,
they may have thought that the answer dots could only be placed at the centre or to the
far left or right, even though they perceived the sounds to be in between. We can judge,
to some degree, whether the subject understood the procedure from their responses in
other subtests.
DH responses of subjects with “normal” and “abnormal” central auditory
function
One of our main goals was to investigate whether the variations in the response
parameters were in anyway related to problems in the central auditory function. Because
of the nature of this study, it was not possible to do a comprehensive assessment on
each subject to assess the integrity of their central auditory pathway. Therefore, it was
decided to select two small groups of subjects who were likely to have “normal” and
“abnormal” central auditory function based on the findings of their peripheral hearing
tests, the outcome of their SAB questionnaire and their MAPA score. All subjects in the
two groups had normal hearing sensitivity and normal middle ear function. Twenty
subjects for each group were selected based on the two extremes of the MAPA range of
scores (those who scored the highest and the lowest in the MAPA). The overall MAPA
score was determined by simply adding all of the scores in the MAPA subtests together,
while ensuring that no subjects in the best MAPA scorer group failed any of the MAPA
subtests. Findings from the SAB questionnaire from both parents and teachers from the
best MAPA scorers also indicated that these subjects showed no signs of any obvious
listening problems. Examples of the scatter plots obtained from 20 subjects with the
highest MAPA scores, and 20 subjects with lowest MAPA scores are provided in Figure
7.4 (a to d) and Figure 7.5 (a to d), respectively. Also shown in the figures are the
individual sensitivity functions and the error values of each subject‟s data.
Differences can be observed between the two groups. Overall, the responses of the
first group (the best MAPA responders) were quite “well-behaved”, particularly in the
HPN IID and the LPN IID tasks, with data scattered tightly around each individual‟s
sensitivity function. Although the sensitivity functions for the NBN ITD and HPN ITD
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subtests between subjects were more varied, the spread of errors was relatively small,
and many subjects were still able to lateralize the sound stimuli, albeit over a limited
range of lateralization.
On the other hand, the DH responses of the second group of subjects (the poor
MAPA responders) were more scattered, even if their fitted sensitivity functions were
not noticeably different from those in the first group. In fact, many of the subjects‟
responses were disoriented, which indicated significant left/right confusions, especially
in the ITD tasks. However, many subjects in this group did show better lateralization
ability in the IID tasks, which suggests that the poor responses observed were not due to
lack of interest or understanding: they were able to appropriately respond in some
subtests. There were also relatively more subjects in this group that have side-oriented
and centre-oriented responses, especially in the ITD tasks.
Not all subjects who failed the MAPA performed as badly, and there were subjects
who showed a much better fit than the one shown in the “20 best scorers” group.
Nonetheless, the information presented from the small group of subjects did provide
clues about which DH variables were relevant for later group analysis and test
comparisons.
„Normal‟ DH responses
Before defining what constitutes an abnormal DH response, we first defined the
„normal‟ DH responses as the average sensitivity function from the group of subjects
with the highest MAPA scores. The average sensitivity function for each DH test
conditions is shown in Figure 7.6. We also used the findings of Zakaria (2007) for
comparison. As can be seen in Figure 7.6, there are differences between Zakaria‟s
findings and ours. Generally, our group of subjects showed less lateralization, especially
in the ITD tasks, and the slope of the NBN ITD function was much steeper than that of
Zakaria‟s. These discrepancies may be caused by the differences in methods, probably
due to the differences in the response method (using lines rather than boxes) and the test
environment. Zakaria also conducted his testing in a sound-proof room, and his subjects
consisted of an older group of children.
Based on the above findings, it is evident that the MSE relative to the normal
population (MSEnorm) could also provide information regarding the quality of the
responses, in addition to the four Boltzmann parameters and the MSE obtained relative
to the individual sensitivity function (MSEind). This is because a small MSEind value
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Figure 7.4a. The DH responses and its sensitivity function of five subjects who passed the MAPA test.
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Figure 7.4b. The DH responses and its sensitivity function of five subjects who passed the MAPA test.

112

100

IMM HPN ITD

Actual position (%)

Actual position (%)

40

Actual position (%)

0
0

100

60

LDK NBN ITD

80

80

80

Actual position (%)

MSE: 24.31

100

60

MSE: 134.55

100

100

60

0

0
20

40

80

LDK LPN IID

80

0

20

MSE: 183.03

100

100

40

0

Actual position (%)

LDK HPN IID

100

40

20

MRM HPN ITD

0

Actual position (%)

J.

0

MRM NBN ITD

20

0

0
0

20

Actual position (%)

40

100

MSE: 42.89

100

40

Actual position (%)

JNM LPN IID

MSE: 38.81

100

40

60

100

60

Actual position (%)

JNM HPN IID

I.

80

0
0

80

IMM NBN ITD

MSE:237.10

100

100

Actual position (%)

Perceived position (%)

20

60

80

0

0
0

40

MSE: 144.44

100

100

Perceived position (%)

Perceived position (%)

MSE: 84.50

100

20

0
0

100

MSE: 128.00

0
0

100

MSE: 75.07

Actual position (%)

H.
Perceived position (%)

60

0

0

Perceived position (%)

40

Perceived position (%)

Perceived position (%)

80

0

20

MRM LPN IID

MSE: 37.78

100

40

Actual position (%)

MRM HPN IID

G.

Perceived position (%)

20

Perceived position (%)

20

60

0

0
0

80

Perceived position (%)

20

60

MSE: 44.68

100

Perceived position (%)

40

80

Perceived position (%)

60

100

Perceived position (%)

80

SMA HPN ITD

SMA NBN ITD

MSE: 103.67

Perceived position (%)

100

Perceived position (%)

Perceived position (%)

SMA LPN IID

MSE: 38.23

Perceived position (%)

SMA HPN IID

F.

100

One child per row – 20 Best

0

40
20

40

60

80

100

0

20

Actual position (%)

Perceived position (%)

60

40
20

100

40

60

80

60
40
20

20

Perceived position (%)

40

60

80

60
40

20
0

40

60

80

60
40
20

60

80

Actual position (%)

LEK HPN IID

LEK LPN IID

Perceived position (%)

MSE: 23.17

100

40

Actual position (%)

N.

80

60
40
20

0
20

40

60

80

60
40
20

Actual position (%)

40

80

Perceived position (%)

80
60
40
20
0
20

40

60

80

Actual position (%)

100

60

80

MSE: 50.95

100
80
60
40
20

20

40

60

80

80
60
40
20

0

20

40
20

60

80

MSE: 326.06

100

80
60
40
20

40

60

80

0

100

20

60

80

100

LEK HPN ITD

MSE: 197.55

100

40

Actual position (%)

80
60
40
20

MSE: 86.44

100
80
60
40
20

0
20

40

60

80

100

20

40

60

80

Actual position (%)

GHK NBN ITD

GHK HPN ITD

MSE: 62.56

100

0

Actual position (%)

80
60
40
20

100

MSE: 20.79

100
80
60
40
20

0
0

20

40

60

80

100

0

20

40

60

80

Actual position (%)

Figure 7.4c. The DH responses and its sensitivity function of five subjects who passed the MAPA test.

113

100

0
20

Actual position (%)

Actual position (%)

40

PSK HPN ITD

60

0

100

100

Actual position (%)

0
0

100

100

80

0

0
0

40

MSE: 184.83

100

100

80

0
20

GHK LPN IID

MSE: 42.76

100

20

Actual position (%)

GHK HPN IID

O.

60

60

APoC HPN ITD

0
20

40

MSE: 351.68

LEK NBN ITD

80

0

20

Actual position (%)

MSE: 46.70

100

100

0

Actual position (%)

40

100

0
0

100

0
20

20

PSK NBN ITD

80

0

40

Actual position (%)

MSE: 142.44

100

100

80

60

0

0

20

60

80

100

Perceived position (%)

Perceived position (%)

80

0

100

PSK LPN IID

MSE: 88.13

100

40

MSE: 114.50

Actual position (%)

PSK HPN IID

M.

20

0
0

60

APoC NBN ITD

80

100

80

Actual position (%)

Perceived position (%)

20

MSE: 348.55

100

0

0

100

MSE: 88.18

Actual position (%)

Perceived position (%)

80

0

0

Perceived position (%)

60

Perceived position (%)

Perceived position (%)

80

0

20

APoC LPN IID

MSE: 151.73

100

40

Actual position (%)

APoC HPN IID

L.

40

Perceived position (%)

20

60

0

0
0

80

Perceived position (%)

20

60

MSE: 402.00

100

Perceived position (%)

40

80

Perceived position (%)

60

MSE: 344.54

100

Perceived position (%)

80

ATW HPN ITD

ATW NBN ITD

Perceived position (%)

MSE: 146.26

100

Perceived position (%)

Perceived position (%)

ATW LPN IID

Perceived position (%)

ATW HPN IID

K.

100

One child per row – 20 Best

40
20
0

0

20

40

60

80

0

100

20

Perceived position (%)

60
40

20

100

100

40

60

80

60

40
20

20

HSW HPN IID

Perceived position (%)

60
40
20

40

60

80

MSE: 87.78

100

40

60

80

80
60
40

20

Actual position (%)

20

Perceived position (%)

MSE: 74.40

100
80
60
40

20

60

80

0

20

40

60

80

Perceived position (%)

60
40
20

20

40

60

80

Actual position (%)

100

60

80

20

40

60

80

80
60
40
20

40
20

0

20

40

60

80

100

80

100

Actual position (%)

HSW NBN ITD

HSW HPN ITD

40
20

MSE: 129.56

100

80
60

40
20
0

20

40

60

80

100

MSE: 54.85

100
80
60
40

20

0

20

40

60

20

40

60

80

100

Actual position (%)

MSE: 126.01

100
80
60

40
20
0

0

20

40

60

80

20

40

60

80

Actual position (%)

Actual position (%)

TAW NBN ITD

TAW HPN ITD

MSE: 132.37

100

0

100

80

60
40
20
0

0

60

Actual position (%)

60

100

MSE: 32.84

100

80

100

0

0

0

40

80

TAW LPN IID

80

0

20

MSE: 325.47

100

Actual position (%)

MSE: 54.44

100

100

JDW HPN ITD

TAW HPN IID

T.

JHK HPN ITD

JDW NBN ITD

20

100

MSE: 221.59

100
80
60
40
20

0
0

20

40

60

80

Actual position (%)

100

0

20

40

60

80

Actual position (%)

Figure 7.4d. The DH responses and its sensitivity function of five subjects who passed the MAPA test.
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Figure 7.5a. The DH responses and its sensitivity function of five subjects who failed the MAPA test.
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Figure 7.5b. The DH responses and its sensitivity function of five subjects who failed the MAPA test.
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Figure 7.5c. The DH responses and its sensitivity function of five subjects who failed the MAPA test.
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Figure 7.5d. The DH responses and its sensitivity function of five subjects who failed the MAPA test.
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may not indicate normality in the function (see subject NMM in Figure 7.5d-T). The
mean and standard deviation of the MSEnorm is presented in Table 7-3.
Group variations
Further analysis of the variations of the DH parameters in relation to the effect of
gender, age and school SES on DH performance were carried out using multivariate
analysis of variance. The age groups were divided in two: Group one, 8.0 to 9.9 years,
and group two, 10.0 to 11.9 years. For the dependent variable, we applied the measure
of Eo, Z (slope), max and the MSEnorm. A statistically significant main effect for
school SES on the combined dependent variables (Eo, Z, Max and MSEnorm) was found
for HPN IID and LPN IID test conditions (HPN IID: F (1,192) = 5.93, p = 0.000,
Wilks‟ Lambda = 0.86 ; LPN IID: F (1,192) = 4.02, p = 0.004, Wilks‟ Lambda = 0.90).
When the results for the dependent variables were considered separately, the only
difference to reach statistical significance, using a Banferroni adjusted alpha level of
0.012 was the MSEnorm. For LPN IID test condition, a statistically significant main
effects for age was also found (F (1,192) = 2.48, p = 0.046, Wilks‟ Lambda = 0.94), and
when considered separately, the dependent variables to reach statistical significance was
again the MSEnorm. An inspection of the average MSEnorm of the HPN IID and LPN
IID of different school groups indicated that children in the LSES schools produced
more errors in their responses. Younger children were also found to make more errors
when LPN IID test condition was used, which suggest a maturational effect is present
for this particular test condition.
7.3.4

Comparison with MAPA

To investigate whether a subject‟s DH performance relates to the function of their
central auditory processes, the DH results were compared with the findings of the
MAPA test battery. The interactions between the DH test and MAPA were first
explored using simple bivariate correlation analysis. The correlations between all of the
DH response parameters with each of the MAPA subtests are presented in Table 7-4.
Analysing all of the variables individually, different DH parameters of different
stimulus were shown to have weak correlations with different and multiple subtests of
the MAPA.
Generally, only the MSEind and the MSEnorm showed significant correlations for all
of the DH test conditions (p < 0.05), but only with the PP subtest of the MAPA battery,
although correlations did exist between different combinations of the DH parameters
and the MAPA subtests. Correlation between the Boltzmann parameters (the E0, slope,
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Figure 7.6. The mean slope for each test conditions obtained from a sample of normal population. A. Findings from the present study showing the mean slope of 20 best MAPA
scorers. B. Findings of Zakaria (2007).

Max and offset) of the DH responses and the MAPA scores were found mainly for the
LPN IID task. The most sensitive DH test condition seemed to be the HPN ITD, where
significant correlations were found with almost all of the MAPA subtests scores, except
for the MSAATR and the MSAATL.
As anticipated, the MSEind and MSEnorm of the DH responses provided the highest
correlations (although still weak) with the MAPA. The lack of correlations with other
DH best-fit parameters was mostly due to the fact that many subjects in our sample
population gave a disoriented response, especially in the LSES group. With large error
values, the Boltzmann parameters could not accurately describe the response pattern.
Having said this, there were correlations between some of the MAPA subtests and the
DH best-fit parameters, which mainly involved the DH subtests with the least scatter,
and in which, no correlation was found with the error values.
The above analysis suggests a complex interaction between the DH test and the
MAPA, probably involving multiple auditory domains, as defined by the MAPA
subtests. Further investigation was conducted using multiple regression analysis to see
whether the variance found in the scores of each of the MAPA subtest could be
explained by different combinations of the DH test parameters. This should also provide
information of the DH test‟s ability to predict the subject‟s risk of having CAPD, using
MAPA as the gold standard. Because little is known about how the DH parameters and
the MAPA might be related, the final model for the DH tests was derived by exclusion,
starting with all of the available parameters. Fitting and refitting of different models by
removing one-by-one the parameters with the highest non-significant p-value were
carried out until all of the remaining parameters in the model were significant.
From the analysis, the total variance in the MAPA subtest, as explained by the model
as a whole is shown in
Table 7-5, arranged by degree of correlation (most to least). The R2 value indicates
the percentages of contribution of the DH variables to the variance found in the MAPA
subtests. It can be seen that the highest correlation was found for the PP subtest.
However, after controlling for sex, age and school SES using hierarchical multiple
regression analysis, much of the variance in the PP subtests can be explained by the
school SES (PP: beta = 0.24, p = 0.002), while age effect can explain some of the
variance in the CSL subtest (beta = 0.17, p = 0.04). These interactions are shown in
Table 7-6.
121

Table 7-4a. Bivariate correlation analysis between the MAPA subtests and the DH
variables for the HPN IID test conditions.
Pearson Correlation (R)
Eo
Slope
MSAATR
0.139
0.135
MSAATL
0.093
0.030
Tap Test
0.049
-0.034
PP
0.054
0.005
DD
-0.052
0.058
CSR
0.093
0.023
CSL
0.049
0.083
Correlation Significance (p) (2-tailed)
Eo
Slope
MSAATR
0.085
0.096
MSAATL
0.252
0.713
Tap Test
0.549
0.675
PP
0.503
0.946
DD
0.518
0.478
CSR
0.253
0.776
CSL
0.545
0.308
*Significant at 0.05 ** significant at 0.01

Max
0.039
-0.091
0.059
-0.085
-0.043
-0.031
-0.034

Offset
-0.017
0.113
-0.080
0.083
0.027
0.050
0.019

MSEind
-0.111
-0.057
-0.197*
-0.315**
-0.330
-0.135
-0.037

MSEnorm
-0.169*
-0.077
-0.126
-0.276**
-0.043
-0.144
-0.080

Max
0.634
0.262
0.466
0.292
0.600
0.707
0.672

Offset
0.838
0.164
0.322
0.306
0.737
0.536
0.818

MSEind
0.169
0.480
0.014
0.000
0.685
0.095
0.647

MSEnorm
0.037
0.340
0.120
0.001
0.595
0.074
0.327

Table 7-4b. Bivariate correlation analysis between the MAPA subtests and the DH
variables for the LPN IID test conditions.
Pearson Correlation (R)
Eo
Slope
MSAATR
-0.219** 0.136
MSAATL
-0.193*
0.087
Tap Test
0.010
-0.013
PP
-0.046
0.061
DD
-0.057
0.069
CSR
-0.184*
-0.032
CSL
-0.168*
-0.040
Correlation Significance (p) (2-tailed)
Eo
Slope
MSAATR
0.006
0.093
MSAATL
0.017
0.284
Tap Test
0.905
0.873
PP
0.573
0.450
DD
0.480
0.397
CSR
0.023
0.695
CSL
0.037
0.620
*Significant at 0.05 ** significant at 0.01

Max
0.033
-0.046
0.065
0.060
-0.042
-0.127
-0.127

Offset
-0.049
0.059
-0.072
-0.054
0.045
0.163*
0.143

MSEind
-0.117
0.046
-0.154
-0.296**
-0.064
-0.066
-0.085

MSEnorm
-0.154
-0.002
-0.138
-0.305**
-0.128
-0.129
-0.153

Max
0.683
0.575
0.424
0.461
0.602
0.117
0.116

Offset
0.550
0.469
0.374
0.509
0.582
0.043
0.077

MSEind
0.149
0.572
0.056
0.000
0.428
0.417
0.292

MSEnorm
0.056
0.981
0.087
0.000
0.113
0.112
0.058
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Table 7-4c. Bivariate correlation analysis between the MAPA subtests and the DH
variables for the NBN ITD test conditions.
Pearson Correlation (R)
Eo
Slope
Max
MSAATR
0.062
0.212**
0.072
MSAATL
0.018
0.063
0.048
Tap Test
-0.150
0.077
0.073
PP
0.146
0.049
-0.082
DD
-0.009
0.129
-0.014
CSR
0.038
0.047
-0.112
CSL
0.089
0.107
-0.045
Correlation Significance (p) (2-tailed)
Eo
Slope
Max
MSAATR
0.444
0.008
0.373
MSAATL
0.823
0.436
0.557
Tap Test
0.063
0.345
0.371
PP
0.071
0.546
0.314
DD
0.910
0.112
0.864
CSR
0.636
0.562
0.167
CSL
0.275
0.188
0.583
*Significant at 0.05 ** significant at 0.01

Offset
-0.031
-0.030
-0.171*
0.129
-0.016
0.113
0.087

MSEind
-0.062
-0.003
-0.075
-0.196*
-0.104
-0.143
-0.086

MSEnorm
-0.119
-0.034
-0.080
-0.254**
-0.153
-0.134
-0.099

Offset
0.706
0.715
0.034
0.111
0.840
0.161
0.282

MSEind
0.445
0.970
0.358
0.015
0.198
0.077
0.289

MSEnorm
0.141
0.676
0.321
0.001
0.058
0.098
0.223

Table 7-4c. Bivariate correlation analysis between the MAPA subtests and the DH
variables for the HPN ITD test conditions.
Pearson Correlation (R)
Eo
Slope
Max
Offset
MSEind
MSEnorm
MSAATR
0.064
-0.072
0.167*
-0.133
-0.090
-0.157
MSAATL
0.052
-0.115
0.129
-0.048
-0.091
-0.132
Tap Test
-0.101
-0.219**
0.051
-0.141
-0.039
-0.083
PP
-0.052
0.022
0.034
-0.006
-0.244**
-0.271**
DD
0.003
-0.022
0.159*
-0.064
-0.178*
-0.191*
CSR
-0.032
-0.011
0.085
0.002
-0.205*
-0.252**
CSL
-0.043
0.029
0.123
-0.064
-0.107
-0.171*
Correlation Significance (p) (2-tailed)
Eo
Slope
Max
Offset
MSEind
MSEnorm
MSAATR
0.429
0.378
0.039
0.101
0.269
0.051
MSAATL
0.520
0.157
0.111
0.554
0.261
0.102
Tap Test
0.212
0.006
0.529
0.082
0.633
0.304
PP
0.518
0.785
0.674
0.936
0.002
0.001
DD
0.971
0.782
0.048
0.433
0.028
0.018
CSR
0.690
0.896
0.295
0.985
0.011
0.002
CSL
0.599
0.721
0.127
0.430
0.185
0.034
Bivariate correlation analysis between MAPA subtests and DH variables (HPN ITD).
*Significant at 0.05 ** significant at 0.01
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Table 7-5. The interactions between combinations of DH parameters with the MAPA
subtests. The DH parameters included in the model were those that significantly
contributed to the correlation identified using multiple regression analysis.

MAPA subtest

DH Model

PP

E0 NBN ITD

(APTO domain)

MSEind HPN IID

R

R2

F

p

0.47

0.22

8.17

0.000

0.40

0.16

6.93

0.000

0.38

0.14

6.21

0.000

0.31

0.10

8.06

0.000

0.28

0.08

4.28

0.006

0.25

0.06

5.19

0.007

0.16

0.03

3.96

0.048

Max NBN ITD
MSEind LPN IID
Slope HPN ITD
CSR

E0 LPN IID

(BIBS domain)

MSEnorm HPN ITD
Offset LPN IID
Max LPN IID

MSAATR

E0 LPIID

(MSC domain)

Slope NBN ITD
Offset HPN ITD
E0 HPITD

Tap test

Slope HPN ITD

(APTO domain)

MSEind HPN IID

MSAATL

E0 LPIID

(MSC domain)

Slope HPN ITD
E0 NBN ITD

CSL

E0 LPN IID

(BIBS domain)

Offset LPN IID

DD

Max HPN ITD

(BIBS domain)
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Table 7-6. Hierarchical multiple regression analysis showing the effect of sex, age and
school SES on the total variance in each of the MAPA subtests.
Change Statistics
R
F
p
F
p
Change Change change
8.26 0.000
0.14
8.26
0.000
7.12 0.000
0.14
5.67
0.000
2

Y Variable

MODEL

PP

1a
2b

R
0.38
0.53

R2
0.14
0.28

a. Predictors: (Constant), SchoolSES, Gender, Age
b. Predictors: (Constant), SchoolSES, Gender, Age, Eo NBN ITD, MSEind HPN IID, Max NBN ITD,
MSEind LPN ILD, Slope HPN ITD

CSR

1c
2d

0.18
0.42

0.03
0.17

1.66 0.178
4.39 0.000

0.03
0.14

1.66
6.27

0.18
0.000

c. Predictors: (Constant), SchoolSES, Gender, Age
d. Predictors: (Constant), SchoolSES, Gender, Age, E0 LPN IID, MSEnorm HPN ITD, Offset LPN IID,
Max LPN IID

MSAATR

1e
2f

0.22
0.41

0.05
0.17

2.64 0.052
4.18 0.000

0.05
0.12

2.64
5.11

0.052
0.001

e. Predictors: (Constant), SchoolSES, Gender, Age
f. Predictors: (Constant), SchoolSES, Gender, Age, E0 LPN IID, Slope NBN ITD, Offset HPN ITD,

E0

HPN ITD

Tap test

1g
2h

0.08
0.32

0.01
0.10

0.30 0.825
3.42 0.006

0.01
0.10

0.30
8.05

0.825
0.000

1.88
4.03

0.135
0.009

g. Predictors: (Constant), SchoolSES, Gender, Age
h. Predictors: (Constant), SchoolSES, Gender, Age, Slope HPN ITD, MSEind HPN IID

MSAATL

1i
2j

0.19
0.33

0.04
0.11

1.88 0.135
3.01 0.008

0.04
0.07

i. Predictors: (Constant), SchoolSES, Gender, Age
j. Predictors: (Constant), SchoolSES, Gender, Age, E0 LPN IID, Slope HPN ITD, E0 NBN ITD

CSL

1k
2l

0.23
0.32

0.05
0.10

2.75 0.045
3.43 0.006

0.05
0.05

2.75
4.27

0.045
0.016

0.83
3.32

0.477
0.070

k. Predictors: (Constant), SchoolSES, Gender, Age
l. Predictors: (Constant), SchoolSES, Gender, Age, E0 LPN IID, Offset LPN IID

DD

1m
2n

0.13
0.20

0.02
0.04

0.83 0.477
1.47 0.215

0.02
0.02

m. Predictors: (Constant), SchoolSES, Gender, Age
n. Predictors: (Constant), SchoolSES, Gender, Age, Max HPN ITD

The R2 change value indicates the percentages of the contribution of each of the MAPA
subtest, after controlling for the subject and sampling effects.
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7.4

Discussion

This study investigated the DH responses of primary school children tested using
MP3 players in a group situation, and studied its relationship with the MAPA, a
standardized CAPD test battery that has previously been reported to measure three
different auditory skills (Schow et al., 2007). The DH tests carried out in this study were
simple sound lateralization tests that only required a child to make a judgement on the
location of short noise burst stimuli in the horizontal plane over a ± 90° angle. Our
results are discussed below.
7.4.1

Test outcomes

The DH responses
Generally, the responses obtained from the group testing in a classroom were found
not to be as well-behaved as similar responses obtained in a controlled environment.
But overall, it follows the general pattern as reported in previous studies. Typically, less
variability was found for subtests that used intensity differences than those that used
timing differences. The HPN IID test produced the least variations between subjects,
and provided the most lateralization, which was expected because the normal ear is
known to be responsive to intensity cues for high frequency stimuli (Pickles, 1988).
Even those who failed the MAPA test were also found to produce normal responses in
the HPN IID task. Previous investigators have reported that intensity differences in
general was not sensitive to problems in the auditory system (Levine et al., 1993). This
was appreciated before testing commenced, but incorporating the HPN IID subtest
helped motivate subjects who could do the task relatively easily. It also provided
valuable baseline information for results interpretation. Because the HPN IID task was
„easy‟, it provided information on the reliability of the subject‟s responses as a whole.
Difficulty in other subtests with normal responses in the HPN IID task would suggest
the presence of genuine problems in lateralization, while a disoriented response in this
task may have indicated lack of understanding or lack of interest. Deviations from the
normal curve with good repeatability between trials should immediately raise concern.
The same is true for the LPN IID task, which also gave reliable and well-lateralized
responses in many subjects with no obvious listening problems as suggested by the
scores obtained from the parent‟s and teacher‟s SAB questionnaire. The responses in
this task, however, were slightly less consistent than responses to HPN IID task, which
is believed to be mainly due to the use of intensity rather than timing cues. Still, many
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children were able to carry out this test because of the robust cycle-by-cycle information
that is contained within the low-frequency stimuli (Pickles, 1988). It was observed in
this study that in all cases where poor performance was observed in the IID tasks, the
performance in the ITD tasks tended to be poor as well.
In all tasks, the average lateralization range was found to be less potent than those of
previous studies (Levine et al., 1993; Zakaria, 2007). It was not so much that the subject
did not lateralize to the maximal point, rather, the responses were found to be more
scattered, which may be due to the fact that testing were carried out in a less than
optimal environment (in a group situation and in the presence of some background
noise). The ITD task was seen to be more affected than the IID task, in particular the
HPN ITD, which has less envelope cues than the NBN ITD. Many of those who failed
the MAPA test showed an inability to lateralize HPN ITD at all, either showing a
widely scattered or a completely centralized response. Although the responses of normal
children in this task were also found to be variable, they did show some ability to
lateralize the stimuli, and their responses were not as scattered.
Sound lateralization and just noticeable difference (JND) tests using timing cues
have been reported to be sensitive to various types of auditory lesions (Furst et al.,
1995; Furst et al., 2000; Levine et al., 1993). Tests that incorporated click and
broadband noise were found to be the least sensitive (Levine et al., 1993), especially in
identifying partial dysfunction, which can be attributed to neural redundancy in the
auditory system (Zakaria, 2007). The use of HPN and high frequency NBN stimuli in
ITD tasks were found to be superior at identifying subtle disturbances (Zakaria, 2007),
because the compromised auditory system was unable to detect the fine envelope cues
in the high-frequency stimuli. However, contrary to our initial prediction, the NBN ITD
task was found to be the least useful in identifying DH problems in the school
environment, where the pattern of DH responses using the NBN ITD test condition of
subjects who failed and passed the MAPA was not identifiably different. Narrow band
noise has greater envelope cues and was reported easier to lateralize than HPN stimuli,
but this may also be the reason for its lack of sensitivity.
Unique abnormal patterns of responses (side-oriented and centre-oriented responses)
were also observed in the present study, but it was not as apparent as those found by
Furst et al. (1995; 2000). They found that subjects with gross auditory lesions caused
by multiple sclerosis or stroke, consistently produced specific patterns of responses,
regardless of the stimulus condition used. There was also no disoriented responses
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observed in their sample, a pattern that was found to be prevalent in the present study.
Unlike Furst, there were also instances where subjects showed clear abnormal patterns
in the ITD, but not in the IID tasks. Our findings were consistent with the findings of
Zakaria (2007), who reported similar observation on cases of CAPD confirmed using
the SCAN test.
Group variations
One of the main findings of the DH study is the differences in the DH performance
between schools situated within high and low socioeconomic areas. Many of the issues
identified, were more frequently found in schools situated within low income
neighbourhood. Many subjects had difficulty following instructions and were quick to
lose concentration. Repeatability between trials was also low in this group of subjects.
Some of the responses showed better performance on the second trial, suggesting that it
took time for the subjects to familiarize themselves with the test process (a practice
effect), while others showed responses that deteriorated over time (listening fatigue).
Abnormalities in the DH outcome (as defined in this study), were also more prevalent in
this population, with significantly more subjects showing side-, centre- or disoriented
responses, compared to those in the high socioeconomic schools.
It is not surprising to find students in the disadvantaged population showing poorer
performance. Many studies have investigated the effect of socioeconomic status on
school achievement and social-emotional development, where numerous contributing
factors have been reported, such as lack of stimulation within the home environment
and health-related issues (Fowler et al., 1985; Sirin 2005). Our findings suggest that
underlying auditory problems could also be a contributing factor. We believe that this is
related to history of middle ear problems, which was prevalent among the disadvantage,
with some, reaching 42% (Williams et al., 2009).
DH predictive ability
A weak but significant correlation was found between the experimental group MP3
DH test and the MAPA (r ≤ 0.47). The weak correlation is not unexpected when it
comes to CAPD assessment, due to the fact that there is no gold standard where test
utility could be determined with certainty (Bellis, 2003), and may simply suggest that
the two tests measure different processes in the auditory system. A better correlation
with another standard CAPD screening test (of up to 0.6) has been found in an earlier
study by another UWA researcher, using the same method of group DH test (Clark,
2007) but comparing to the standardized SCAN test. This emphasizes the point that the
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lack of correlation may not necessarily suggest a lack of usability. The fact that the DH
test was less susceptible to extraneous factors due to its less linguistic demand and
simple response measures could mean that it was more reflective of the problems
occurring within the auditory system.
Nevertheless, there are ways to improve ythe group MP3 DH test which include:
1) Conducting the group testing in a smaller group of children, so that the test process
can be better managed.
2) Shortening the test duration to make it more time efficient, by incorporating just one
baseline stimulus (e.g. HPN IID) and one diagnostic (e.g. HPN ITD) stimulus. It is
also possible to use only seven stimulation points, rather than nine (See Chapter 3).
3) Using equally-spaced box method rather than line method as the response mode.
4) Providing longer practice session.
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Chapter 8
The post-auricular muscle response test (population study)
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8. The Post-auricular Muscle Response test (Population study)
8.1

Introduction

This chapter describes the process and the findings of the post-auricular muscle
response (PAMR) test in our population study. A detailed report on 214 subjects‟
PAMR is provided, describing the general pattern of the responses and the effects of
age, sex and the school‟s socioeconomic grouping. Results showed that there was a
significant difference in the PAMR B/(C+I) ratio between schools situated within high
and low socioeconomic areas. A significant difference was also found between normal
subjects and subjects at-risk for CAPD, as defined by the MAPA results. Also described
are the occurrences of PAMR and its properties.
8.2

Test Methods

In the population study, the PAMR test immediately followed the directional hearing
test in the test timetable, where students were taken out from their classroom in groups
of four to be tested individually in a quiet room. Often the test was conducted in the
library, in a separate section away from the hearing and the CAPD screening tests that
were conducted at the same time.
8.2.1

Test equipment and set-up

The PAMR school testing was conducted using the portable custom-made batteryoperated Biological Amplifier (BioAMP), connected to a battery-powered laptop
computer equipped with the PAMR acquisition software, the BICaverager (See Chapter
4 for a hardware and software description). TDK in-the-ear stereo headphones (model
EB-300WH) were used to deliver the sound stimuli.
The school PAMR test set-up was similar to the laboratory set-up. The electrodes
used were the Ag/AgCl pre-gelled ECG rest electrodes (3M Red Dot). The active
electrodes were placed bilaterally on the post-auricular muscles, and the indifferent
electrodes were placed behind each pinna. The back of the neck was used as the
reference point. To ensure that the responses were not shorted to adjacent indifferent
tissue, the pregelled ECG electrodes for the active sites were halved along their length
to reduce their surface area. The subject was seated facing the tester, on the tester‟s
right-hand side. This ensured an appropriate 3-way distance between the tester, the
subject and the lap top. It also enabled the tester to easily work the PAMR system and at
the same time monitor the subject‟s responses throughout the test process.
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8.2.2

Stimulus and recording parameters

The stimulus and recording parameters used in the population study were based on
the protocol used by Zakaria (2007), and the preliminary studies conducted described in
Chapter 4.
A 2 kHz high-pass noise (HPN) burst, with 3 msec duration and 1 msec rise- and
fall-times was used. The stimuli were presented in a 6-stimulus train at a rate of 18/s,
which was not too fast to cause major adaptation, but was still effective for screening
purposes (see preliminary study 1 in Chapter 4). The BRLBLR (binaural-right-leftbinaural-left-right) stimulus configuration was used, resulting in the corresponding
BICBCI (binaural – ipsilateral – contralateral – binaural – contralateral - ipsilateral)
responses in the right ear, and BCIBIC (binaural – contralateral – ipsilateral - binaural –
ipsilateral - contralateral) responses in the left ear. For the smooth recording of the
PAMR, a bandpass filter of 10-200 Hz was applied. One trial consisted of 160 stimulus
repetitions. At least 2 trials were carried out for each subject that took about 2 minutes
to record. A 100 µsec click pulse of double amplitude was used as the trigger stimulus,
presented once every 16 repetitions of the 6 stimulus train. The trigger sound was
audible to the children but had no obvious effect on the PAMR due to the nulling of the
first few points in the acquisition process and the effect of averaging.
The averaging of the resultant averaged waveforms was carried out offline.
Averaging of the corresponding binaural, ipsilateral and contralateral responses in the
six response series was also done offline to produce the final left and right ears‟
binaural, ipsilateral and contralateral responses for each subject. This method was found
to help compensate for any adaptation that occurred when using the 18/s stimulus rate
(see preliminary study 1 in Chapter 4). The stimulus train and the response series for
both right and left ears are presented in Figure 8.1.
The stimuli were presented at a comfortable level of 50 dB SL. This level was
determined relative to the subject‟s hearing threshold, measured using the 2 kHz HPN
stimuli of the same configuration. Further information on how this level was determined
is provided below.
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Figure 8.1. (A) A typical PAMR waveforms obtained using the 6 train stimuli recorded from the right and left ear of a subject. (B) Waveforms derived from (A) by averaging B, I
and C responses. Note the PAMR high signal to noise ratio.

8.2.3

Test procedures

A brief introduction about the testing was given to the group of students brought in
for the PAMR test session. It was explained to them that the test was to record small
signals from the muscle behind their ears in response to the „soft clicks‟ that they would
hear through the earphones, which would provide information about their hearing
ability. They were told that they would be connected to the computer using „special
stickers‟ (the electrodes), and they were assured that it was not at all painful. The testing
was then carried out individually.
Prior to positioning the electrodes on the skin, the skin was first cleansed with 70%
ethanol. The subject then wore the BioAMP around their neck, which was later
connected to the electrodes using small crocodile clips. For the continuous activation of
the post-auricular muscles, the students were instructed to look hard to the left and right
at every 5 seconds, as indicated by the trigger sound in the stimulus. It was found from
the preliminary study (preliminary study 2, Chapter 4), that the alternating gaze method
produced reliable PAMR and was relatively easy to do (Patuzzi and O'Beirne, 1999a).
There were two steps involved in the PAMR test process. The first step was to
determine the individual‟s left and right sensation level, and the second step was to
record the subject‟s PAMR. The instructions for both steps were as described below.
Instruction given for the determination of the sensation level: “You are going to hear
many soft click sounds. In between these soft clicks are a few big clicks, which is just
slightly louder. I want you to ignore the big clicks, but the soft clicks will get softer and
softer. I want you to tell me when you cannot hear the soft clicks anymore. We will start
with your right ear. Do you have any questions?”
Instruction given prior to recording the PAMR: “You are going to hear the same
sounds as you heard before. But now every time you hear the big click, I want you to
move your eyes first to the left, then to the right and so on. Try not to move your head
when doing this. When you move your eyes you will hear a „rumbling‟ sound. The
harder you look to the side, the louder the rumbling sound is going to be. Try to make
the sound as loud as you can. Don‟t worry, we will practice first. Do you have any
questions?”
A set of earphones was also worn by the tester to help condition the students better
and to also listen for any anomaly. The first stimulus trial was used to familiarize the
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child to the test process. Usually the child was asked to track the tester‟s finger for the
first few seconds to get a better idea of when to change their gaze.
8.3

Results

Two hundred and thirty one subjects completed the PAMR test from the two hundred
and fifty six that participated in the school testing. Most of the subjects were not tested
due to timing and technical issues as explained in Chapter 6. Due to a technical fault,
the PAMR test was not carried out at all in one school. We also excluded another
seventeen subjects from the analysis due to questionable responses that were suspected
to be due to technical problems (e.g. responses were too flat, response configurations
indicated only monaural stimulation were given), making a total of two hundred and
fourteen subjects. The technical problems were not immediately apparent during testing,
which were mainly due to the time-constrain, but were evident during offline analysis.
Of the two hundred and fourteen subjects, one hundred and seven were from schools
situated within low socio-economic areas, and one hundred and seven were from
schools situated within high socio-economic areas. One hundred and ten were females,
and one hundred and four were males, aged between 8 years 3 months and 11 years 5
months (mean age 10 ± 0.6 years).
Forty-five subjects failed the hearing screening. Most of the analysis carried out were
on the normally hearing children (n = 169), but the PAMR occurrences of those with
hearing problems are also reported for comparison.
8.3.1

General observation

All children completed the PAMR test without any problems. Almost all of them
completed the test within 15 minutes, with acquisition of responses taking only 2 to 3
minutes. On test completion, we were able to obtain at least 2 replicates of the bilateral
recordings of the binaural, ipsilateral and contralateral PAMR for all subjects.
8.3.2

Test outcome

PAMR occurrences
By using alternating lateral eye movement to activate the PAM, it was possible to
obtain responses in at least one ear in 97% of the normally hearing subjects with relative
ease.
Post-auricular muscle responses were found to be present by visual examination, in
at least one ear, in 164 subjects. One hundred and fifty-five were right ear responses and
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158 were left ear responses. There were a few subjects where their monaural responses
(contralateral or ipsilateral or both) were unrecordable. All of these subjects generally
had very small PAMR, and the monaural responses may have been obscured by the
background EMG noise. All responses were replicated to ensure reliability in making
judgement of presence and absence of a response. The occurrences of PAMR for the
169 subjects are summarized in Table 8-1.
Post-auricular muscle responses were also present in 40 (89%) subjects of the 45
subjects who failed the screening, remembering that stimulus level was 50 dB above
each ear‟s threshold. Thirty-nine were those with bilateral responses and one with
unilateral response. Five subjects (11%) did not produce any PAMR.
Table 8-1. Occurrence of PAMR from a 2kHz HPN stimulus at 50 dBSL (n = 169).

Present
in
both muscles

PAMR occurrences

Responses
present

Number of right
ear responses

Number of left
ear responses

149 (88%)

B/I/C
B/I
B/C

145
2
1

141
4
3

B

1

1

B/I/C
B/I
B/C
B

4
2
0
0

4
2
0
3

155

158

Present in one
muscle

15 (9%)

Absent

5 (3%)

Total

169 (100%)

B = Binaural responses; I = Ipsilateral responses; C = Contralateral responses

PAMR properties
Using the stimulus and recording parameters described, the PAMRs recorded from
our subjects were a simple bipolar compound action potential. We have referred to the
peaks as n1 and p1, according to normal clinical practice.
As expected, the biggest response was obtained using binaural stimulation, assumed
to be the sum of the crossed and uncrossed PAMR, with responses reaching a maximum
amplitude of 210 µV pp. Almost all of the normally hearing subjects had one larger
monaural potential, either in the ipsilateral or the contralateral ear. A dominant
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ipsilateral potential is defined by a C/I ratio of less than 0.9 (or C < 0.9I) or a dominant
contralateral potential is defined by a C/I ratio of above 1.1 (or 0.9C > I). Figure 8.2 and
Figure 8.3 illustrate some examples of subjects‟ PAMR with various types of response
configurations. The responses of two stimulus trials (160 repetitions per trial) are shown
for each subject, where high reproducibility can be seen between the two trials. To
achieve greater reliability, the waveforms of at least two trials were averaged together.
As can be seen, the response configuration of the monaural potentials for the left and
right ears can either be the same or different (e.g. both having ipsilateral dominance or
one ear with ipsilateral dominance and the other with contralateral dominance).
Table 8-2 presents the mean peak latencies (ms) and peak-to-peak amplitudes (µV)
of the binaural, ipsilateral and contralateral responses for the left and right ears. No
significant difference between the two ears was found in both the latencies and
amplitudes for all of the PAMR potentials. Generally, the n1 and p1 of the binaural,
ipsilateral and contralateral potentials of the PAMR from a 2 kHz HPN stimuli,
presented at 50 dB SL, fell within 15 ms to 17 ms and 20 ms to 22 ms respectively. A
one-way analysis of variance showed that there was a statistical significant difference in
the p1 latencies between the monaural and the binaural responses: F (2, 680) = 7.44, p =
0.001, but the actual difference in the mean latencies between the two responses were
quite small, at about 0.4 ms (eta squared value of 0.02).
There seems to be a difference in the dominance configuration of the two ears, with
the right ear having more responses with contralateral dominance, and the left ear
having more responses with ipsilateral dominance (Figure 8.4). However, further
investigation on the amplitude ratio of the PAMR contralateral and ipsilateral potentials
(C/I ratio) showed that the differences between the two ears was not statistically
significant (T = 1.62; p = 0.107). There was also no significant difference found in the
left and right ear responses of the B/(C+I) ratio (T = 0.51; p = 0.609). The C/I and
B/(C+I) ratios were measured to investigate the interactions that occur in the binaural
pathways of the PAMR, which may reflect the individual‟s binaural hearing function.
The mean of the PAMR ratios for the left and right ears are presented in Figure 8.5. The
left and right ear results were therefore pooled in subsequent analysis.
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Figure 8.2. Examples of the different response configurations where all of the responses present.
B = Binaural; I = Ipsilateral; C = contralateral. The grey waveforms were the responses in the first trial
(responses most often overlying each other).
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Figure 8.3. Examples of the different response configurations where at least one of the responses absent.
B = Binaural; I = Ipsilateral; C = contralateral.
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Table 8-2. Mean peak latencies (ms) and peak-to-peak amplitude (µV), with the standard deviation in parenthesis, from a 2 kHz HPN stimulus at 50
dB SL, for all response conditions for both left and right ears obtained from the 169 subjects.
Left

Right

Overall

B

I

C

B

I

C

B

I

C

Latency n1

15.8 (0.9)

15.8 (1.1)

15.9 (1.0)

15.8 (0.9)

15.8 (1.0)

15.9 (0.9)

15.8 (0.9)

15.8 (1.0)

15.9 (0.9)

Latency p1

21.0 (1.3)

21.3 (1.2)

21.4 (1.4)

21.0 (1.3)

21.4 (1.4)

21.4 (1.2)

21.0 (1.3)

21.3 (1.3)

21.4 (1.3)

Peak-to-peak
amplitude

40.2 (40.1)

15.8 (15.3)

18.5 (22.0)

44.7 (39.8)

16.3 (16.0)

22.2 (23.7)

42.4 (39.4)

16.0 (15.6)

20.3 (22.9)

T-Test results comparing the left and right ears
Latency N1

Latency P2

Amplitude

T

p

T

p

T

p

B

0.08

0.938

0.19

0.851

0.89

0.364

I

0.29

0.769

0.65

0.516

0.25

0.875

C

0.17

0.868

0.27

0.786

1.23

0.228

Figure 8.4. The configurations of the monaural responses of the two ears. Left ear: n = 149;
right ear: n = 145

Figure 8.5. No significant differences were found between the two ears. C/I: T = 1.62, p = 0.107;
B/(C+I): T = 0.51, p = 0.609. Left ear: n = 149; right ear: n = 145
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8.3.3

PAMR between group comparisons

Figure 8.6 shows the pooled results of the B/(C+I) versus C/I for all normally
hearing subjects in our population. As can be seen, the PAMRs varied across the
population, where the C/I ratio ranged from 0.15 to 8.17 (mean = 1.51; SD = 1.27), and
B/(C+I) ratio ranged from 0.6 to 1.89 (mean = 1.18; SD = 0.19). There was almost
equal probability of either having larger contralateral or larger ipsilateral potentials,
though contralateral dominance was found to be slightly more prevalent in this
population, at 55%. Additionally, the binaural responses were generally found to be
larger than the sum of the monaural responses, which was assumed to indicate the
binaural interaction component (BIC) of the PAMR. Ninety percent of subjects were
found to have a B/(C+I) ratio above 1.

2.00
MaleHSES

MaleLSES
FemaleHSES
1.50

B/(C+I)

FemaleLSES

1.00

0.50

IPSILATERAL
RESPONSE
DOMINATED

CONTRALATERAL
RESPONSE
DOMINATED

0.00
0.10

1.00

10.00

C/I

Figure 8.6. An overall distribution of the PAMR C/I and B/(C+I) ratios for all normally hearing subjects,
with the right and left ear responses pooled together (n = 294). As can be seen, there is a large betweensubject variation for both C/I and B/(C+I) ratios. Generally, the binaural responses were larger than the
summed of the monaural responses, and there is equal probability of getting either larger ipsilateral or
contralateral responses.
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Further investigation of the effect of age, sex and school SES on the PAMR ratios
was carried out using multivariate analysis of variance. The age groups were divided in
two: Group one, 8.0 to 9.9 years, and group two, 10.0 to 11.9 years. There was a
statistically significant main effect of school SES on the combined dependent variables
(C/I and B/(C+I) ratios), F (2, 284) = 3.08, p = 0.048; Wilks‟ Lambda = 0.98. When the
results for the dependent variables were considered separately, the only difference to
reach statistical significance, using a Banferroni adjusted alpha level of 0.025, was the
B/(C+I) ratio, F (1, 285) = 6.06, p = 0.014. An inspection of the mean ratios indicated
that subjects from schools situated within the low SES areas had a lower B/(C+I) ratio
(Mean = 1.16, SE = 0.02) than subjects from the high SES schools (Mean = 1.21,
SE = 0.02). There was also an interaction effect between sex and age (F (1, 285) = 6.53,
p = 0.011) on the PAMR B/(C+I) ratio.
8.3.4

Comparisons between normal subjects and subjects at-risk for CAPD

To investigate whether the findings for the PAMR B/(C+I) ratio were related to
problems in central auditory processing, comparisons were made between normal
children and children at-risk for CAPD, as identified using the MAPA. Direct
correlation analysis with the MAPA test was not carried out because there was no
indication that a linear relationship exist between the binaural interaction component
and the MAPA results.
The children were divided into two distinct groups. Children in the normal group
consisted of those who passed the MAPA testing, who scored within the normal range
(>30) in the SAB questionnaire, who had not been diagnosed or suspected of any
childhood disorders associated with CAPD (e.g ADHD or learning disabilities), and
who had no prior histories of chronic ear infections. Parents and teachers of the children
in the normal group also expressed no concern of any listening problems. Children in
the at-risk group, were those who failed the MAPA testing. Satisfying all requirements,
the number of subjects analysed for this purpose were ninety-nine in the normal group
and thirty-seven in the at-risk group. Table 8-3 provides the descriptive statistics of the
two groups of subjects.
In general, there was no obvious difference in the morphology of the PAMR
waveforms of the normal children and the children at-risk-for-CAPD. Table 8-4 shows
the mean latencies (ms) and amplitudes (µV) of the binaural, ipsilateral and
contralateral PAMR, and the mean ratios for the C/I and B/(C+I) for the normal and atrisk groups. Independent samples t-test conducted showed no significant difference in
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Table 8-3. Descriptive statistics of the subjects in the normal and the at-risk groups.

Normal
(n = 99)

At-risk
(n = 37)

Males

Females

Average age (SD)

N (%)

HSES

17

36

9.9 ± 0.5

53

LSES

24

22

10.2 ± 0.7

46

HSES

7

6

10.0 ± 0.7

13

LSES

16

8

10.2 ± 0.6

24

64

72

N

136

Table 8-4. Mean peak latencies (ms) and amplitudes (µV) with respective standard
deviations, of the binaural, ipsilateral and contralateral PAMR, with the left and right
ears pooled together.
Normal group

N

At-risk Group

N

n1

15.8 ± 0.98

186

15.7 ± 0.96

72

p1

20.9 ± 1.29

186

21.0 ± 1.43

72

n1

15.8 ± 1.02

182

15.7 ± 1.17

70

p1

21.3 ± 1.30

182

21.4 ± 1.60

70

n1

15.9 ± 0.89

174

15.9 ± 1.03

72

p1

21.4 ± 1.19

174

21.3 ± 1.41

72

LATENCY (ms)
Binaural

Ipsilateral

Contralateral

PEAK-TO-PEAK AMPLITUDE (µV)
Binaural

42.4 ± 37.3

186

39.2 ± 33.0

72

Ipsilateral

16.2 ± 16.0

182

15.6 ± 13.4

70

Contralateral

19.8 ± 22.3

174

21.0 ± 19.3

72

1.5 ± 1.3

169

1.7 ± 1.2

69

PAMR RATIOS
C/I

1.2 ± 0.2
169
B/(C+I)*
1.1 ± 0.2
*Note: Data are implicitly corrected for hearing loss by presenting stimulus 50 dB
above the individual‟s hearing threshold. p < 0.05
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the latency and amplitude of the two groups. However, a significant difference was
found in the B/(C+I) ratios (T = 2.91, p = 0.004), with the children at-risk-for-CAPD
showing smaller mean ratio (mean = 1.11, SD = 0.21) compared to the normal children
(mean= 1.20, SD = 0.19). No significant difference noted in the PAMR C/I ratio
(T = 0.715, p = 0.475). This finding is consistent with the hypothesis that children with
CAPD have problems in integrating binaural information, as indicated by a reduced
binaural interaction component in the PAMR. Figure 8.7 illustrates this relationship.
Despite the significant difference in the B/(C+I) ratio between the two groups, there
does not seem to be a clear group separation that differentiates the normal and at-risk
children, unlike the study done by Zakaria. Discrepancies with Zakaria‟s findings may
be because of the differences in methods. These differences are discussed later.

Figure 8.7. Comparison of the PAMR ratios between normal children and children at-risk-for-CAPD.
Significant difference between the two groups was found for B/(C+I) ratio of the PAMR. At-risk subjects
were determined by the child scoring below 2SD in at least one of three auditory domains.
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8.4

Discussions

As far as we know, this is the first population study of the PAMR carried out within
a school environment, which not only provides information about its utility for the
assessment of CAPD in school-age children, but also adds to our understanding of its
basic properties in this age group. There has been interest in the recent years in the
utility of the PAMR test as a cost-effective measure for evaluating hearing sensitivity
(Patuzzi and Thomson, 2000; Purdy et al., 2005)
8.4.1

PAMR occurrence

For the purpose of this study, a 2 kHz HPN stimulus presented at 50 dB SL was used.
With binaural stimulation, the PAMR was recordable in 97% of ears of normal hearing
children. With monaural stimulation, the PAMR occurrence was slightly lower at 94%
for ipsilateral responses, and 92% for contralateral responses. The PAMR amplitude for
our population was typically robust, and was found not to be greatly affected by the
slight acoustic background noise within the test environment. The latencies of the noiseevoked PAMR n1 and p1 were slightly longer than those reported for click stimulus,
Previous studies have reported that with some muscle manoeuvres, the PAMR were
present in at least one ear in 79 % to 100 % of subjects for stimulus intensity above 60
dBnHL (Dus and Wilson, 1975; Fraser et al., 1978; Gibson, 1975; Purdy et al., 2001).
The differences in the reported frequency of occurrence were mainly due to the
differences in techniques, in the type of stimulus used, and in the recording and muscle
activation method. High PAMR occurrences were seen in studies that used binaural
click stimuli at high intensity levels (Buffin et al., 1977; Gibson, 1975; Purdy et al.,
2005), as is true with other early auditory evoked potentials, and in those that used
lateral eye movement as the method of muscle activation (Purdy et al., 2005).
8.4.2

Dominance of the monaural responses

The larger potential for the crossed response observed in this study was first
described by Gibson (1975), and has also been reported in other studies (Douek et al.,
1974; Flood et al., 1982; Fraser et al., 1978), though the mechanism that gives rise to
the phenomenon is still unclear. The distributions of the different dominance
configurations found in the present study were consistent with Gibson‟s observation,
where approximately 50% of his subjects were presented with dominant contralateral
responses. With the exception of Zakaria (2007), other investigators have also found a
variation in the amplitude dominance of the monaural responses (Flood et al., 1982;
Fraser et al., 1978). Zakaria (2007), on the other hand, reported a more consistent
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finding, where all of his subjects had larger contralateral responses. This may be due to
the stimulus configuration used, and the 50 ms inter-stimulus intervals applied, which
resulted in different degrees of response inhibition depending on the type of stimulation.
Although the present study used the same inter-stimulus intervals as Zakaria, the order
effect has been overcome by the use of an effective two-channel recording (see Chapter
4). The fact that none of Zakaria‟s subjects showed responses with ipsilateral
dominance may be because of the limited number of subjects in his study.
The issue of monaural dominance is probably irrelevant when it comes to identifying
at-risk subjects, though the 50 ms intervals may have some diagnostic significance, as
explained later in the discussion of the binaural interaction component of the PAMR. As
shown, the C/I ratio was not significantly different in the normal and at-risk groups,
which was also consistent with the findings of Zakaria. However, it does have
implication in deciding on the optimal stimulation method for peripheral hearing
evaluation.
8.4.3

Between-subject variations

As expected, the magnitude of the PAMR varied greatly across subjects. Much of the
difference may be due to the variations in the individual‟s neural circuitry driving the
PAM or the muscle tone, as suggested by Patuzzi and O‟Beirne (1999b). Electrode
placement and impedance were also thought to be a factor. It has been shown in
previous studies that the magnitude distribution of the PAMR around the post-auricular
area was largely dependent on the electrode distance from the PAM (at the point closest
to the pinna), relative to the resistive attenuation by the skin and the tissue (Jacobson et
al., 1964; O'Beirne and Patuzzi, 1999; Yoshie and Okudaira, 1969). On the other hand,
the PAMR latencies were fairly constant across subjects, which were consistent with
previous studies (Gibson, 1975; O'Beirne and Patuzzi, 1999; Purdy et al., 2005).
The ratio measures used in this study (C/I and B/(C+I) ratio) partly „normalized‟ the
variability in the recording of the PAMR amplitude, allowing effective comparison
between different individuals. Because the binaural, ipsilateral and contralateral stimuli
were presented in rapid succession, the resulting responses were therefore measured
under the same conditions, thereby overcoming the influence of other factors.
Nevertheless, the distribution of the PAMR ratios in our population study was wide
(See Figure 8.7), even when only normal subjects were considered. Several factors
could have contributed to the large between-subject variations in the C/I and B/(C+I)
ratios, as discussed below.
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Firstly, it could have been the result of a technical problem. It was found much later
in the study that due to the use of the wrap-averaging technique, a series of pseudorandom noise-burst stimuli generated internally by the averaging software was
replicated in the consecutive wrap, producing a slight fluctuation in the average
amplitude of the response in the order of ~5%, thus causing some „smearing‟ of the
individual data. However, because of the randomness in the generation of the HPN
stimuli, the pattern of fluctuation was different at every stimulus repeat and from
subject to subject, and therefore this was not believed to have caused any bias in the
overall responses, though it may have resulted in a slight dispersion of the overall
distribution.
Secondly, it could have been due to a normal physiological response to the stimulus
configuration used that varied with the change in muscle tone caused by the eye rotation
method adopted. We did a simple investigation, retrospectively, using a series of 2 kHz
HPN 50 ms ISI stimuli at 50 dB SL, presented in separate binaural, ipsilateral and
contralateral conditions. In all of the conditions, there seemed to be an oscillation in the
PAMR amplitude, as shown in Figure 8.8. The underlying mechanism for this is
unclear, but when using 50 ms ISI, the effect of inhibition from preceding auditory
stimuli may account for some of the variability, although increased muscle tone in
general, reduces the inhibitory effect (Fox et al., 1989). In a relaxed condition, Fox et al.
(1989) found that the inhibitory effect of a stimulus that was itself preceded by another
auditory stimulus was less effective in inhibiting the response to a subsequent testing
stimulus, which varied the amplitude response. The changes in inhibition from the
series of stimulus given in 50 ms ISI may have resulted in the observed oscillating
function.
8.4.4

The binaural interaction component (BIC) of the PAMR and assessment of
CAPD

Synergistic interaction between ipsilateral and contralateral responses of the PAM
As with other studies on a binaural interaction component of auditory evoked
potentials, the present study investigated the binaural interactions of the PAMR by
examining the differences between the binaural response and the sum of the monaural
responses (Debruyne, 1984 ; Dobie and Berlin, 1979; Fowler, 1989; McPherson and
Starr, 1993). However, contrary to the findings of the typical BIC reported in earlier
studies, including the study of the PAMR by Zakaria (2007), the interaction between the
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Binaural responses

Ipsilateral response

Contralateral response

Figure 8.8. PAMR waveforms evoked by a train of 2 kHz HPN stimuli at 50 ms ISI, presented at 50 dB
SL, for subject NM. Note the oscillating function in all response conditions.
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ipsilateral and contralateral neurones of the PAM in the present study was a synergistic
one, with the binaural response larger than the sum of the monaural responses. The
synergistic interaction was consistently observed even when the inter-stimulus intervals
were prolonged to 140 ms (see preliminary study 2 in Chapter 4). Dobie (1980) has
previously reported this reversed function in four of his subjects when studying the BIC
of the ABR, which he then suggested to be due to the response being myogenic in
nature, which was therefore excluded from his analysis. However, there was no further
explanation provided. The discrepancy with Zakaria‟s study could be traced to the
differences in the stimulus configuration, where he used an adapted version of the
binaural PAMR. This may be the reason for the smaller amplitude of the binaural
response than the summed amplitude of the monaural responses reported in his study.
The BIC of the PAMR in different subject groups and its diagnostic value
In examining the PAMR B/(C+I) ratio in our population study, significant
differences were found i) between normal children and children at-risk for CAPD, and
ii) between schools located in different socioeconomic areas. This difference arises
despite no significant differences between the two groups in regards to hearing
sensitivity, middle ear function, and latency and amplitude values for the binaural,
ipsilateral and contralateral PAMRs.
The importance of finding significantly reduced BIC function in the at-risk for
CAPD group is two-fold. Firstly, it suggests that the PAMR B/(C+I) ratio may reflect
an individual‟s auditory processing capabilities. Secondly, it indicates that it may be
possible to assess the binaural hearing function using an objective measurement in the
classroom, which has never been done before. At this stage, further investigation is
needed before the PAMR test can be reliably applied as part of an assessment for
CAPD. More work is needed to further optimize the evoking procedures for better
characterization of the BIC, so that it can be used as an index for binaural processing.
Having said this, the protocol used by Zakaria was reported to identify a majority of
children with confirmed CAPD. Other than differences in the sample population, where
his study included a more well-defined group of children, the 50 ms ISI used in his
study may have played an important role in increasing the sensitivity of the test to detect
disturbances in the auditory system. It may be possible that the compromised auditory
system of CAPD subjects were not able to tolerate the high repetition rate. Although the
present study also used 50 ms ISI, the effect may have been averaged out because of the
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averaging procedure adopted to reduce adaptation from the order effect of binaural
presentation.
The significant difference in the B/(C+I) ratio of the PAMR between the high and
low socioeconomic areas agrees with our hypothesis that children in the disadvantaged
population have reduced binaural function. This may be related to the high prevalence
of hearing and middle ear problems found in this population (Castagno and Lavinsky,
2002; Foreman et al., 1992; Morris et al., 2005), and raises concern of a long term effect
on their listening ability. It may also contribute to the poor social and educational
performance often reported of children from disadvantaged backgrounds.
8.4.5

The feasibility of the PAMR test in schools

The robustness and recordability of the PAMR have been documented in previous
studies (O'Beirne and Patuzzi, 1999; Thornton, 1975). The findings of this study
highlight the fact that the responses can be obtained in a large percentage of children, in
a less than ideal environment, and in a relatively short amount of time. The lateral eye
rotation method provided a reliable and easy way to increase muscle tone and enhance
the PAMR, which resulted in a high occurrence of the PAMR in normally hearing
children.
Most of the limitations experienced in the PAMR acquisition at school were due to
timing and logistical issues, arising from the fact that there were many other tests that
were carried out at the same time in this experimental process. Given a more realistic
testing environment with fewer tasks to be done, an even better response rate is
expected, where some of the technical issues could be better managed. Nevertheless, we
did achieve a very high PAMR rate from our subjects, which supports the use of the
PAMR for hearing screening in at least cooperative older children, in both screening
and clinical situation, and possibly even in neonatal population (Jiang and Patuzzi, in
preparation).
There is also potential for the PAMR test to be included as part of an assessment for
CAPD, however, further investigations are needed in this regard.
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Chapter 9
General discussion and conclusion
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9. General Discussion and Conclusion
One of the main goals of this study was the development of simple tests of auditory
processing that can be use within the school environment, as part of an evaluation for
central auditory processing disorder. We chose to build upon the work of Zakaria
(2007), and to develop a school-based protocol for testing sound lateralization and
binaural interactions in the post-auricular muscle response (PAMR). Binaural hearing
problems have been reported as one of the main complaints of CAPD sufferers (Dawes
et al., 2008), and the two binaural hearing tests of Zakaria were reported to be sensitive
to the disorder. Although the tests may not identify all types of CAPD, it might identify
a majority of children with the disorder, and could prove useful to the current CAPD
assessment model. Unlike speech-based CAPD tests, the sound lateralization and the
PAMR tests were not heavily dependent on high-level cognitive function, and were
therefore thought to be more specific to problems in the auditory system. The tests
themselves were relatively cheap to produce and quick to administer, making them
potentially cost-effective.
To use the tests in the school environment and to make it cost-effective for testing
large number of children, inexpensive MP3 players with ear-bud earphones were used
for the sound lateralization test. The ear-bud earphones were also found to be useful in
attenuating some of the background noise. We also designed simple and child-friendly
score sheets, and developed software that allowed the responses to be automatically
scored. The PAMR test equipment consisted of a portable two-channel biological
amplifier and a laptop. The PAMR software was designed to allow recording of
responses in rapid succession, which ensured reliable calculation of the C/I and B/(C+I)
ratios. Because the PAMR was a large and robust response (up to 210µV), it was easily
recordable and was more resilient to the presence of slight background noise in the test
room. The response amplitude and latency also stabilized with about 200 averages,
allowing acquisition of the binaural, ipsilateral and contralateral responses from both
ears within 2 to 3 minutes.
To investigate the tests‟ utility, the test results were compared with the results of the
Multiple Auditory Processing Assessment (MAPA), a standardized procedure for
CAPD screening. It consists of six subtests that were reported to measure three auditory
domains (Schow et al., 2007). We also obtained prevalence information using this
method, which was one of the objectives of this study.
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This study was carried out on 256 primary school children in high and low
socioeconomic areas. Because CAPD has been associated with histories of recurrent
otitis media (Moore et al., 2003), and recurrent otitis media with effusion has been
reported to be more prevalent in the disadvantaged population (Castagno and Lavinsky,
2002), it was hypothesized that children from schools within low socioeconomic
locations would perform significantly poorer in both the standard and investigational
tests of CAPD used in this study, than those from schools situated in high
socioeconomic locations.
Apart from information related to CAPD, the information obtained about the PAMR
and its occurrence in children was valuable in supporting the use of the PAMR test as an
inexpensive alternative for objective peripheral hearing evaluation in cooperative
children. The standard hearing and middle ear screening tests also provided general earhealth information about primary school students in metropolitan Perth.
9.1

The cost-effective implementation of the school-based testing

Proper planning is integral in any type of mass screening situation, and we have
learned during the course of the experimentation that with proper planning, all tests can
be done cost-effectively. The cost-effectiveness of the school-based test protocol in this
study was considered not only in terms of the cost of equipment, but also in terms of the
overall costing, number of staff and timing needed for the implementation of the overall
procedures.
As described in Chapter 5 and 6, we conducted five types of testing with the help of
six testers, on a maximum of 29 primary school students in one school-day session
(usually from 9 am to 3 pm). The following describes the factors considered when we
first designed the school-based test protocol and organization to ensure that the testing
could be done cost-effectively, and with the least impact on the normal everyday school
session.
The time required to carry out each test: This included the time for instructions and
clarifications, and the moving time of subjects to get to and from the test room. To
reduce moving times, children were taken out of their classroom or the waiting room in
small groups and were provided activity sheets to ensure that they would not be a
distraction to the subjects undergoing testing.
Room size and acceptable background noise level: This depends on the type of testing
to be carried out. The size of the room determined the number test stations. In our study,
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the test that were susceptible to noise and required a certain level of concentration from
the part of the subject were carried out either in the library or the music room which
generally have low ambient noise and was large enough to provide appropriate distance
between subjects. Although the MP3 DH test also required active listening, group
testing in a classroom was possible because the test only requires subjects to quietly plot
their responses on score sheets, while listening to recorded test instructions presented at
supra-threshold level through individual MP3 players.
Test organization (the order of testing): This took into account not only test-related
factors, such as timing and test requirement, but also motivation and concentration
levels of children as the school session progress. This was the reason, whenever
possible, for alternating the subjective and the objective testing. The fact that several
tests were conducted in parallel and not one after the other also means that subjects
were not continuously tested for the whole two hours required to complete the five tests,
making it possible for subjects to remain motivated throughout the testing day.
Conducting several tests simultaneously in a well-organized protocol also made testing
large number of children with multiple test procedures in one school day session,
possible.
Testers: The smooth-running of the school testing was only made possible by recruiting
a number of testers. Seven testers (including the researcher) were needed in this study,
who worked in autonomy, with each given specific tasks to complete. The factors
considered when recruiting testers included the tester‟s background, provision of
training and the designation of tasks for the school testing.
Documentation: Proper filing of results and standard documentation for feedback
purposes, helped in ensuring that everything was kept in order. This is important when
dealing with complex test protocol.
Overall, using the protocol described and the requirement of seven testers, we were
able to effectively carry out the experimental subjective and objective binaural hearing
tests as well as screen the peripheral and central auditory function of about 250 subjects
in 14 days, with testing time of about 5 hours per day carried out within normal school
timetable. We could have tested more subjects, which would have been more costeffective, but the issues were not so much in the procedural limitations, but the lack of
response to participate (the parent/guardian, in particular). Additionally, we very rarely
reached the maximum number of thirty subjects per school. To avoid selective
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participation that could bias the test results, we only invited the participation of one
class from each school where the maximum number of students were usually in the
range of 24 to 28 students.
Based on the procedures and protocol carried out, we have estimated the cost spent to
carry out the experimental tests on 256 subjects at the selected 14 schools within
metropolitan Perth. The calculations are included in appendix D, which shows that it
cost a maximum of AUD$33.90 to test one subject with the DH and the PAMR tests.
This amount is far less than the amount that parents have to pay to get the SCAN test (a
standardized screening test for CAPD commonly used in Australia) done for their child,
which was in the amount of AUD$250.
9.2
9.2.1

The simple and rapid procedures of the experimental tests: Contribution to
the practice of peripheral hearing evaluation
Use of MP3 players as indicators of significant peripheral hearing problems

In Chapter 7, we noted down the MP3 volume adjusted by each child to the level of
their listening comfort, which we anticipated could provide information regarding a
child‟s listening ability. A moderate correlation (r = 0.61) was found between the
adjusted MP3 volume and the individual‟s average hearing level, with those with
hearing loss exceeding 30 dB at higher frequencies ( ≥ 1 kHz) in at least one ear, were
found to increase the volume, considerably. This suggests that the adjusted „volume
level‟ could be used as an indicator of the presence of significant hearing problems,
provided that the stimulus is calibrated to a known level. Having said this, the
calibration procedures used in the present study may not be optimal for estimating
hearing sensitivity, because the goal of the study was not audiometry, but an assessment
of auditory processing. We believe that by using a less intense default volume, or even
by setting at a minimum requiring a child to increase the volume to their comfortable
level, may be a better method of calibration, and may provide better estimates of
hearing sensitivity.
9.2.2

The use of the PAMR test as an alternative for objective peripheral hearing
evaluation

The very high PAMR occurrence of 97% in normal hearing primary school children,
the robustness of the response with an average amplitude of about 90 µV, and the fact
that reliable PAMR can be obtained in 2 to 3 minutes (description provided in Chapter
8), strongly suggest potential for the PAMR test to be used in peripheral hearing
evaluation, and that it could be particularly useful for hearing screening. This is in line
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with studies that found high correlation between the PAMR and behavioural hearing
thresholds (Patuzzi and O'Beirne, 1999b; Purdy et al., 2001; Thornton, 1975), where the
PAMR was recordable within 10 to 20 dB of averaged pure tone thresholds (0.5 kHz to
4 kHz). A study using tone-burst stimuli (O'Beirne and Patuzzi, 1999) also suggest that
the test can be used to measure frequency specific hearing sensitivity.
9.3

Peripheral and central auditory function of Perth school children and
socioeconomic status

The findings of the present study suggest a high occurrence of middle ear problems,
mild hearing loss and CAPD in schools that participated in this study, more so in
schools located within the low socioeconomic areas, but no statistically significant
association was found with socioeconomic groupings, age and gender, although the lack
of significance may be due to the insufficient number of subject samples. However,
children from the low socioeconomic schools were found to perform significantly
poorer (T = 5.75, p = 0.000) in the temporal processing domain of the MAPA test
battery. This particular subtest, the pitch pattern test, only asked for a child to repeat a
pattern of high and low pitch sounds and did not involve the use of speech material.
These findings are consistent with the results of both the MP3 DH test and the PAMR
test, where students from schools located within low socio-economic locations
performed significantly poorer than those from the high socio-economic schools. This
finding may have been due to behavioral issues more commonly seen in the low SES
group. However, the fact that both tests were simple non-verbal tests, should raise
concern that the difference in performance may also be the result of differences in the
integrity of their auditory system affecting their ability to process auditory information.
Although

no

direct

relationship

was

investigated,

the

relation

between

socioeconomic status and auditory processing ability supports the suggestion of a link
between CAPD and histories of OME (Hartley et al., 2001; Hogan and Moore, 2003;
Moore et al., 2003). However, this is merely conjectural and further investigation using
sophisticated research methodology is needed to prove this relationship.
9.4

The school-based psychophysical group MP3 Directional hearing test

The detailed outcome of the MP3 group DH test was presented in Chapter 7. To
allow for group testing, the children were required to work their own MP3 players, and
plot their responses on score sheets. Results obtained indicated that the group test
procedures have been adequately adapted to the interest and attention of most children.
161

A general pattern emerged when comparing the perceived positions to the simulated
positions of the different test stimuli, which were consistent with previous findings
(Phillips, 2008; Zakaria, 2007). Normal subjects were found to be able to lateralize all
stimuli with varying degrees of „difficulty‟, with the „easiest‟ being the HPN IID and
the „most difficult‟ being the HPN ITD. Even though normal subjects had difficulty
with the HPN ITD test conditions, producing more errors relative to the average
sensitivity function of the normal population, subjects at-risk for CAPD, as identified
using the MAPA, often were not able to lateralize the stimuli at all, producing patterns
of responses that have been previously reported in subjects with CAPD, such as sideoriented responses, centre-oriented responses and disoriented responses (Furst et al.,
2000; Zakaria, 2007). Consistent with this, the mean square error relative to the
sensitivity function of the normal population (MSEnorm) was found to be the best
indicator of problems in auditory processing in this study.
9.5

The school-based portable two-channel PAMR test

The detailed outcome of the PAMR test was presented in Chapter 8, and the
justification for the protocol used was explained in the development chapter (Chapter
4). As far as we know, there were never any school-based objective testing used as part
of an assessment for CAPD. However, the PAMR has been shown useful in identifying
the disorder in a small group of children with CAPD using the measures of binaural
interaction (Zakaria, 2007). The large amplitude of the PAMR allowed for the testing to
be carried out within the school environment, and the results indicated that reliable
PAMR can be recorded from cooperative young children in a short amount of time
without any problems. Again, using the MAPA as the gold standard, we found
significant differences between normal and at-risk for CAPD subjects in the B/(C+I)
ratio of the PAMR, which we believe related to the binaural interaction component that
occurs in the brainstem.
Despite the significant differences between the normal and the at-risk groups, there
was no clear separation observed between the two groups, unlike the findings reported
by Zakaria (2007). Differences in methods, which included the differences in testing
environment and the fact that Zakaria did his testing on children who had previously
been diagnosed with CAPD may be the reason for the discrepancy. Additionally, we did
make changes to the stimulus configuration to allow for a simultaneous two-channel
recording of the PAMR, and this may have affected the test sensitivity. Further
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investigations are needed in this regard to find the optimal stimulation protocol to use
for the effective identification of children affected by the disorder.
9.6

Conclusion

The present study developed two simple tests of binaural hearing that were
administered within the school environment. The protocol designed for school testing
was found to be able to test, cheaply, large number of subjects, within a short amount
time. Both tests were shown to be able to differentiate normal and at-risk-for-CAPD
subjects as determined using the MAPA test, although no obvious relationship was
found between the two tests.
Both the experimental binaural hearing tests and the standard CAPD test showed
significant differences in the findings of children from high and low socioeconomic
schools that supported the suggestion of a link between childhood middle ear problems
and central auditory processing disorder often reported in the literature. However,
because this study did not measure the effect of OME and CAPD directly, our claim at
this point, is merely speculative.
Binaural hearing tests in general have clinical significance in the identification of
various central auditory problems. The simplicity and the potential cost-effectiveness of
the school-based tests developed may provide a feasible alternative for testing within
the clinic.
Routine use of the group MP3 directional hearing test and the PAMR test as part of
an assessment for CAPD is still premature at this point, and would need further
optimization in both the procedural and testing protocol before they can be used
diagnostically.
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APPENDIX 3.1: The DH test recorded instructions
TRACK ONE – „LET‟S PRACTICE‟
Instruction to adjust the volume control
“I am going to read you a short poem. If you can hear me well than you don‟t have
to do anything and you can get ready to play. But if my voice sounds too soft or too
loud, change the volume control so you can hear me comfortably, then write down the
number on the sheet in front of you. Ready?
“Little miss muffet sat on a tuffet, eating a Big Mac and fries.
Along came a spider and sat down beside her. Yuck! it said I prefer flies.”
“Ok! Write down the volume number. We are ready to play!”

Instruction for the practice session
“Let‟s listen to the following sounds. Mark where you think the „shh‟ sound is
coming from. To tell us, mark a dot on the line like the one shown in the example box at
the top of the page. Get your pen ready now.”
“Sound one” (practice sound one)
“Sound two” (practice sound two)
“Sound three” (practice sound three)
“Let‟s practice some more before we start. Remember, you can mark anywhere along
the line to tell us where you think you heard the “shh” sound. Get ready to listen.”
“Practice one” (practice sound one)
“Practice two” (practice sound two)
“Practice three” (practice sound three)
“Practice four” (practice sound four)
“Practice five” (practice sound five)
“We are now going to stop to see if you have any question. Press the stop button now.”
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APPENDIX 3.1: The DH test recorded instructions
TRACK TWO – „LET‟S PLAY‟
Instruction for DH test session one
“Ok! Are you ready to play? Help the animals listen for the sound. Mark where they are
like you did in the practice.”
“The frog can hear the mosquito. Where do you think it‟s coming from? Get ready to
listen.” (HPN IID test sound one to eighteen)
“The rabbit can hear the fox. Mark where you think he is hiding. Get ready to listen.”
(NBN ITD test sound one to eighteen)
“The possum can hear the owl coming. Where is he? Get ready to listen.”
(HPN ITD test sound one to eighteen)
“The elephant thinks there is a mouse hiding. Where do you think it is? Get ready to
listen.”
(LPN IID test sound one to eighteen)
“Let‟s take a short break before we start again. Press the stop button, now.”
TRACK THREE – „LET‟S CONTINUE‟
Instruction for DH test session two
“Now let‟s continue. Pick up your pen and get ready.”
“The owl is looking for the possum. Can you hear where she is? Get ready to listen.”
(HPN IID test sound one to eighteen)
“There is a crocodile in the swamp. Where is he? Get ready to listen.”
(HPN ITD test sound one to eighteen)
“The lion is hungry. Can you hear where the dear is? Get ready to listen.”
(LPN IID test sound one to eighteen)
“The fox can hear the rabbit. Can you hear it too? Get ready to listen.”
(NBN ITD test sound one to eighteen)
“Well done! We have finished!
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APPENDIX 3.2: The DH test score sheet

APPENDIX 3.2: The DH test score sheet

APPENDIX 3.3: The Spotfinder
The Spotfinder software with LabVIEW program
A screen capture of the front panel of the Spotfinder software is shown. The subject‟s
score sheet was placed under a webcam, angled to capture the data region within the
four registration points. The registration points served to calibrate the DH responses so
that reliable comparison could be made between different score sheets. The program
then detected the data points within the data region according to their particular
„response rectangle‟ (see below), with position described in percentages. The 100%
limit was taken from the horizontal edges of the response rectangle. Because the
response line did not extend to the edges of the rectangle, a complete sided response of
a subject would never have reached one hundred percent.

1

1
Response rectangle
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APPENDIX 3.3: The front panel of the Blobfinder program
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APPENDIX 4.1: The BICaverager

A screen capture of the LabView front panel for the PAMR test is shown. The
software internally generates the 2 kHz high-pass noise stimuli in the order of binauralright-left-binaural-left-right at 50 ms ISI. Stimulus intensity can be manipulated for
each ear independently, so that the stimulus can be delivered at 50 dB SL. It can be seen
on the front panel, the averaged PAMR, showing the BICBCI responses for the right ear
and the BCIBIC responses for the left ear. Also shown were the ratio measures for both
ears plotted in real time. These responses were saved in tab-delimited files for later
offline analysis in Microsoft Excel.
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APPENDIX 4.1: The front panel of the BICaverager software
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APPENDIX 5A: Invitation letter to school principals

Dr. Robert Patuzzi, Chief Investigator. (08) 64881422. Email: rpatuzzi@cyllene.uwa.edu.au
Miss Nashrah Maamor, PhD Student. (08) 64883313. Email: naamon01@student.uwa.edu.au
School of Biomedical, Biomolecular and Chemical Sciences
The University of Western Australia
35 Stirling Highway, Crawley WA 6009
Dear Principal,
Request to Recruit Students for a Hearing Study
Project Title: Development of Cost-effective Screening Test for Central Auditory Processing
Disorder
My name is Dr Robert Patuzzi, a senior lecturer at The University of Western Australia. I am conducting
a research project with my PhD student, Miss Nashrah Maamor, that aims to investigate whether our two
new experimental tests can identify children with Central Auditory Processing Disorder (CAPD) as
reliably as existing tests, but more quickly and more cheaply. For your information, CAPD is a common
problem (~5%) affecting a child‟s ability to understand speech in a challenging listening environment,
despite having normal hearing sensitivity and normal intelligence. Our preliminary testing suggests that
children with CAPD have difficulty telling left from right with sound, and that this problem can be
identified using either a listening game through headphones, or using small electrical signals from the
muscles behind the ears. These are the tests that we will use in this study. We hope that by developing a
more cost-effective screening test, more children with CAPD can be identified particularly when there are
many ways in which these children can be helped.
We would like to invite your school to take part in the project because your school is situated within the
sampling area for this study. We seek access to thirty year 4 and 5 students from your school, with 10
schools within the Perth Metropolitan area.
The students will be invited to participate in four types of testing:
1. A standard hearing screening test to test hearing sensitivity
2. An experimental directional hearing test in a large group (the whole class), where each child makes
left/right judgments while listening through headphones;
3. An experimental test that will record small electrical signals from the skin surface overlying the
muscles just behind the ears (as with ECG testing of the heart);
4. A standard CAPD screening test for comparison that normally costs about AUD$120.
All of these tests are non-invasive and involve sounds at comfortable levels. Our proposed testing
protocol is described below, but we would be very happy to discuss it with you and/or the class teacher to
minimize any impact on the class. The group testing would take place in an initial 45 minute session at
the start of the day, and would include a brief talk about ear health and good listening. Individual testing
would then need to take place in a quiet room with space for 6 test stations (e.g. 6 desks around the
room's perimeter). We plan to have 6 set-ups and 7 testers for the individual testing. Testing of each child
would take about an hour and 45 minutes during the day (the 45 minute group session and about one hour
for all other individual testing). Throughout the day, one of our testers would conduct groups of 6
students each between the class and test stations (five times during the day), to improve efficiency and
reduce disruptions.
We will keep the school involvement in the administration of the research procedures to a minimum.
However, it will be necessary for the school to provide a quiet setting to ensure a reliable research
outcome. Some help is also needed from the class teacher in sending home with students the information
letters and consent forms for students and their parents.
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Participation in this research project is entirely voluntary. All potential participants that are approached
for their participation and do not wish to take part in the project are not compelled to in any way. If any
member of a participant group decides to participate and then later changes their mind, they are able to
withdraw their participation. All contributions they have made to the research will be destroyed unless
explicitly agreed to after the intent to withdraw has been indicated. However, if the project has already
been published at the time a participant decides to withdraw, their contribution that was used in reporting
the project cannot be removed from the publication. There will be no consequences relating to a decision
by an individual or the school to participate or not, or to participate and then withdraw, other than those
already described in this letter. These decisions will not affect the relationship with the research team or
The University of Western Australia.
Information that identifies anyone will be removed from the data collected. This is done by using a
system of individual codes, known only to the research team, which is used to link each individual‟s
consent form to all data that relate to that individual. The coded system will enable us to re-identify an
individual‟s data and destroy it if participation is withdrawn. The data is then stored securely in the
Department of Physiology, UWA, and can only be accessed by the main researchers in this study. The
data will be stored for a minimum period of 5 years, after which it will be destroyed. This will be
achieved by the University‟s approved method of disposal.
The identity of participants and the school will not be disclosed at any time, except in circumstances that
require reporting under the Department of Education and Training Child Protection policy, or where the
research team is legally required to disclose that information. Participant privacy, and the confidentiality
of information disclosed by participants, is assured at all other times. The data will be used only for this
project, and will not be used in any extended or future research without first obtaining explicit written
consent from participants.
In accordance with confidentiality considerations, only parents will be notified of the findings of the
standard hearing test and CAPD screening test for their child. They will be advised in writing to seek
audiological help if necessary. They will also be provided with a resource booklet of all available contacts
for CAPD in Perth. It would be up to the parents to contact the teacher if they wish to do so. The findings
of the experimental tests are purely investigational at this stage, although a summary of the research
findings will be made available to the school and the Department of Education and Training. You can
expect this to be available in December 2009.
The research has been approved by the Human Research Ethics Committee of The University of Western
Australia (Project No RA/4/1/1609) and has met the policy requirements of the Department of Education
and Training as indicated in the attached letter.
There should be many benefits from this study. We believe that the children and the school will benefit
from the screening tests provided, and everyone will benefit if we can develop a more cost-effective test
process. We would also be happy to provide a short talk about CAPD to your staff.
Please feel free to contact me or my PhD student who will be conducting much of the study if you have
any questions. If you wish to speak with an independent person about the conduct of the project, please
contact the Secretary, Human Research Ethics Committee (telephone number 6488-3703). If you have
had all questions about the project answered to your satisfaction, and are willing for the school to
participate, please complete the Consent Form on the following page. We will contact you soon to
follow up on the matter.
Yours sincerely

Dr Robert Patuzzi
Chief Investigator

194

APPENDIX 5A: Consent form for school principals

Consent Form for School Principals

Development of a Cost-Effective Screening Test for Central Auditory Processing Disorder
Chief Investigator:
Dr Robert B. Patuzzi, Senior Lecturer. Phone: (08) 64881422. Fax: (08) 64881025
Email: rpatuzzi@cyllene.uwa.edu.au
Student Investigator:
Nashrah Maamor, PhD student. Phone: (08) 64883313.
Email: naamon01@student.uwa.edu.au

I have read this document and understand the aims, procedures, and risks of this project, as
described within it.

For any questions I may have had, I have taken up the invitation to ask those questions, and I am
satisfied with the answers I received.


I am willing for this school to become involved in the research project, as described.



I understand that participation in the project is entirely voluntarily.


I understand that the school is free to withdraw its participation at any time, without affecting the
relationship with the research team or The University of Western Australia.

I understand that this research may be published in a journal and presented in national and
international conferences, provided that the participants or the school are not identified in any way.

I understand that the school will be provided with a copy of the findings from this research upon
its completion.

Name of Principal (printed):
Signature:

Date:
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APPENDIX 5A: Information letter for parents

INFORMATION LETTER FOR PARENTS
Developing a Screening Test for „Central Auditory Processing Disorder‟ in Hearing
Investigators:
Dr Robert B. Patuzzi, Senior Lecturer. Phone: (08) 64881422
Nashrah Maamor, PhD student. Phone: (08) 64883313
Dear Parent/s,
Some children have trouble understanding and learning in a classroom, and seem uncertain about what
they hear. They may have a condition called Central Auditory Processing Disorder (CAPD), where the
lower part of the brain has problems understanding the messages from the ear. We are developing two
new tests for this problem and would like to ask your permission to have your child take part. Even if you
allow them to take part, they can withdraw from the test at any time without any problem.
Your child is invited to take part in four tests:
Test 1 will be a standard hearing test. The eardrum and the ear canal will also be examined.
Test 2 uses soft sounds through headphones to check their directional hearing (left versus right)
Test 3 uses small electrical signals from the skin behind the ears to check the muscle reflexes.
Test 4 uses words & numbers through headphones as a test for the CAPD (& normally costs $120)
All tests are perfectly safe. You will get the results but the teacher will not. If any hearing problem is
found we will give you the information and provide advice about what to do next.
If you would like your child to take part, please fill in the simple questionnaire which will only go to us
and not the teacher.
We hope to publish the results of the study (with no student identified) in a scientific journal, and a
summary of the research can be obtained from us later at the Department of Physiology, UWA.
There should be many benefits from this study:
(a) your child will learn about ears & hearing, will have fun playing some hearing games
(b) your child will have their hearing tested
(c) we will learn more about the problem of CAPD.
(d) we may find that our new tests are better than the older tests (and cost much less).
This research has been approved by the UWA Human Research Ethics Committee (RA/4/1/1609) and has
met the policy requirements of the Department of Education and Training. You can discuss any concerns
or questions with us before giving your consent. If you wish to speak with an independent person about
the project, please contact the Secretary, Human Research Ethics Committee, UWA on 64883703.
If you decide to participate, please complete the Questionnaire and the Consent Form on the following
page and send them in an envelope to the teacher within one week of receiving this letter.
This information letter is for you to keep.
Thank you
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APPENDIX 5A: SAB Questionnaire for parents

QUESTIONNAIRE
Scale of Auditory Behaviours (SAB)
Name:__________________________________________________________Date:_______________
Please rate each item by circling a number that best fits the behaviour of your child. At the top of the
column of numbers there is a term indicating the frequency with which the behaviour is observed. Please
consider these terms carefully when rating each possible behaviour. A child may or may not display one
or more of these behaviours. A high rating in one or more of the areas does not indicate any particular
pattern. If you are undecided about the rating of an item, use your best judgment.
Frequent
Often
1
2
Yes-------------------------------------No
1
2
3
4
5

Sometimes
3

Seldom
4

Never
5

Difficulty hearing or understanding in background noise

1

2

3

4

5

Misunderstands, especially with rapid or muffled speech

1

2

3

4

5

Difficulty following oral instructions

1

2

3

4

5

Difficulty in discriminating and identifying speech sounds

1

2

3

4

5

Inconsistent responses to auditory information

1

2

3

4

5

Poor listening skills

1

2

3

4

5

Asks for things to be repeated

1

2

3

4

5

Easily distracted

1

2

3

4

5

Learning or academic difficulties

1

2

3

4

5

Short attention span

1

2

3

4

5

Daydreams, inattentive

1

2

3

4

5

Disorganized

YES/NO
YES/NO
YES/NO

Hearing History
Please CIRCLE the appropriate answers
1. My child has a hearing problem this week.
2. My child has a history of hearing problems.
3. I know what the past hearing problems were.
(If you know, please describe)…………………………………………………....

YES/NO
4. My child has been diagnosed with ADHD by a medical doctor.
YES/NO
5. My child IS on medication for ADHD.
YES/NO
6. My child HAS BEEN on medication for ADHD in the past.
YES/NO
7. I suspect my child may have a hearing problem.
YES/NO
8. I suspect my child has CAPD.
Comments:
…………..........................................................................................................................................
...................................................................................................................................................................
Please return questionnaire to class teacher in the sealed envelope provided
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Consent Form for Parents
Developing a Screening Test for „Central Auditory Processing Disorder‟ in Hearing
Chief Investigator:
Dr Robert B. Patuzzi, Senior Lecturer. Phone: (08) 64881422.
Email: rpatuzzi@cyllene.uwa.edu.au
Student Investigator:
Nashrah Maamor, PhD student. Email: naamon01@student.uwa.edu.au

stand.

I have read this document, or have had this document explained to me in a language I under-


For any questions I may have had, I have taken up the invitation to ask those questions, and I am
satisfied with the answers I received.


I understand that participation in the project is entirely voluntarily.



I am willing for my child to become involved in the project, as described.


I understand that the information that I give about my child in the questionnaire will not be
disclosed to anyone except the main researchers in this study.


I understand that both my child and I are free to withdraw that participation at any time


I give my permission for the contribution that my child makes to this research to be reported in
academic publications and in national and international presentations within the scientific community,
provided that my child or the school is not identified in any way.

I understand that a summary of findings from the research will be made available to me and my
child upon its completion.

Name of Child (printed):
Name of Parent/Carer (printed):
Signature of Parent:

Date:

Please return to class teacher
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APPENDIX 5A: SAB questionnaire for teachers

TEACHER‟S QUESTIONNAIRE
Scale of Auditory Behaviours (SAB)
(Conlin, 2003; Schow et al., 2006; Shiffman, 1999; Simpson, 1981; Summers, 2003)
Student‟s Name:______________________________________________Date:_______________
School:________________________________________________________________________
Please rate each item by circling a number that best fits the child‟s behaviour. At the top of the column of
numbers there is a term indicating the frequency with which the behaviour is observed. Please consider
these terms carefully when rating each possible behaviour. A child may or may not display one or more
of these behaviours. A high rating in one or more of the areas does not indicate any particular pattern. If
you are undecided about the rating of an item, use your best judgment.
Frequent
1

Often
2

Sometimes
3

Seldom
4

Never
5

1

2

3

4

5

Difficulty hearing or understanding in background noise

1

2

3

4

5

Misunderstands, especially with rapid or muffled speech

1

2

3

4

5

Difficulty following oral instructions

1

2

3

4

5

Difficulty in discriminating and identifying speech sounds

1

2

3

4

5

Inconsistent responses to auditory information

1

2

3

4

5

Poor listening skills

1

2

3

4

5

Asks for things to be repeated

1

2

3

4

5

Easily distracted

1

2

3

4

5

Learning or academic difficulties

1

2

3

4

5

Short attention span

1

2

3

4

5

Daydreams, inattentive

1

2

3

4

5

Disorganized
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APPENDIX 5B: Middle ear and hearing screening results form
Otoscopy

Tymp

Audiometry

Student‟s name
L
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

R

L

R

0.5

L (kHz)
1
2

4

0.5

R (kHz)
1
2

Comment
4

APPENDIX 5C: MAPA answer form
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APPENDIX 5C: MAPA mean and standard deviation table
Mean and Standard Deviation (SD) data for MAPA (Beta III, from Summers, 2003.)
Test

8-9 years

10-11 years

11-12 years

21-49 years

(left/right ear)

N=66

N=53

N = 16

N=15

X

X

MONAURAL SEPARATION CLOSURE DOMAIN
MSAAT RE

MSAAT LE

X

= 11.2

X

= 12.8

= 14.1

= 17.7

1 SD = 8.1

1 SD = 9.7

1 SD = 11.8

1 SD = 16.3

2 SD = 5.0

2 SD = 6.8

2 SD = 9.5

2 SD = 14.9

X

X

X

X

= 11.2

= 12.1

= 13.5

= 15.6

1 SD = 8.5

1 SD = 9.5

1 SD = 11.0

1 SD = 13.5

2 SD = 5.8

2 SD = 7.0

2 SD = 8.5

2 SD = 11.3

AUDITORY PATTERN/TEMPORAL ORDERING DOMAIN
TAP

X

= 22.0

X

= 23.3

X

= 23.1

X

= 26.6

1 SD = 17.0

1 SD = 18.7

1 SD = 19.2

1 SD = 24.1

2 SD = 11.9

2 SD = 14.0

2 SD = 15.3

2 SD = 21.6

X

X

X

PP
(allowing X = 12.0
reversals)
1 SD = 6.5
2 SD = 1.0

= 13.2

= 14.9

= 19.1

1 SD = 8.3

1 SD = 9.8

1 SD = 17.8

2 SD = 3.4

2 SD = 4.7

2 SD = 16.5

BINAURAL INTEGRATION/BINAURAL SEPARATION DOMAIN
DD

CS RE

CS LE

X

= 71.9

X

= 80.7

X

= 82.7

X

= 97.0

1 SD = 57.8

1 SD = 65.4

1 SD = 68.1

1 SD = 80.2

2 SD = 43.6

2 SD = 50.1

2 SD = 53.5

2 SD = 63.4

X

X

X

X

= 12.2

= 14.2

= 11.4

= 22.5

1 SD = 8.1

1 SD = 10.4

1 SD = 5.6

1 SD = 18.9

2 SD = 4.0

2 SD = 6.6

2 SD = <0

2 SD = 15.4

X

X

X

X

= 11.4

= 14.5

= 12.6

= 23.1

1 SD = 7.1

1 SD = 10.5

1 SD = 6.9

1 SD = 18.6

2 SD = 2.9

2 SD = 6.6

2 SD = 1.2

2 SD = 14.1

The MAPA subtests
Subtest 1: MSAAT RE = MAPA Monaural Selective Auditory Attention, Right Ear
MSAAT LE = MAPA Monaural Selective Auditory Attention, Left Ear
Subtest 2: TAP = MAPA Tap Test
Subtest 3: PP = MAPA Pitch Pattern test (allowing reversals)
Subtest 4: DD = MAPA Dichotic Digits
Subtest 5: CS RE = MAPA Competing Sentences, Right Ear
CS LE = MAPA Competing Sentences, Left Ear
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APPENDIX 5D: Feedback letters and forms

To the Parent of

Date:

_____________________________________
_____________________________________

Hearing Screening Results
Dear Parent,
Thank you for taking part in our research project on “Developing a cost-effective
screening tests for central auditory processing disorder (CAPD)”. As part of our
research project, your child had his/her hearing screened. You can find the results of the
screening on the next page with recommendation on what to do next.
Please be informed that not passing a screening does not mean that a child
necessarily has hearing problems or CAPD. Difficulties can arise during screening, for
example, due to distractions or noise in the test room, or a lack of understanding of the
test. Diagnosis of a problem can only be made with further testing. We have enclosed
in this letter a list of audiological centers that offer hearing assessments. Please note that
not all centers provide services for CAPD, therefore we do advise that you call ahead to
enquire.
This result is not given to anyone else in your child‟s school. However, for the
benefit of your child‟s education and social emotional development, we strongly
encourage you to discuss the results with your child‟s class teacher.
Thank you.
Sincerely,

Nashrah Maamor
PhD Student
The University of Western Australia
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Name:……………………………………………………….…….Date of testing:…………….
Tester:……………………………………….Supervisor:………………………………………..

Ear

500Hz
(Low tones)

Hearing Test Results
1000Hz

2000Hz

4000Hz
(High tones)

Right
Left
This test gives an indication of your child‟s hearing levels. A “-“ in any of the boxes above
indicates that your child may have a hearing problem.
Middle Ear Findings
Right

Left

Type
Test Explanation:
Type A – Normal middle ear function
Type B – Reduced middle ear function. There is some blockage of the sound reaching the
middle ear. This may be due to a wax build up in the canal, fluid behind the eardrum or for
other reasons. A type B will also occur if your child currently has grommets as the movement of
the eardrum cannot be measured with a grommet in place.
Type C – Negative pressure behind the eardrum, similar to the feeling in your ears when you
descend in a plane or drive down a tall hill. This often occurs with colds or sniffles, and usually
will resolve by itself.
Auditory Processing Test Results
(Multiple Auditory Processing Assessment)
Age appropriate for all subtests
Some difficulties in one or more of auditory processing areas
Additional Comments
_____________________________________________________________________________
_______________________________________________________________________
Recommendations:
 Pass – Your child has passed their hearing screening & screen for CAPD today.
 Further testing is required – A full hearing test is recommended as soon as possible. A
list of Audiology service providers has been attached for your information.
 Further testing for CAPD is recommended – A full test of auditory processing skills is
recommended. A list of Audiology service providers has been attached for your information.
 An appointment with your GP is recommended – As part of the testing today we looked
at how well the middle ear is working. Your child‟s middle ear results today were consistent with reduced middle ear function, which may occur with colds, glue ear & ear
infections.
Testing was carried out as part of a PhD research project by the Department of Physiology
University of Western Australia
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Summary of Zakaria‟s 2007 doctoral research project titled “Auditory
localization in subjects with central auditory processing disorder (CAPD)”
Zakaria‟s doctoral project investigated the auditory performance of normal subjects and subjects
with confirmed cases of central auditory processing disorder (CAPD) using various
psychophysical auditory processing tests for binaural hearing including sound
localization/lateralization test, just noticeable difference (JND) test and masking level difference
(MLD) test. Also investigated were the subjects‟ electrophysiological responses using the postauricular muscle response (PAMR) test, studying in particular, the binaural interaction
component of the PAMR.
Participants
Investigations were carried out on four groups of subjects, Group 1: normal adults (n=10; mean
age = 27.5 years old); Group 2: adults with CAPD (n=11; mean age = 13.8 years old), Group 3:
normal children (n=10; mean age = 9.4 years old), and Group 4: children with CAPD (n=7;
mean age = 8.7).
Normal subjects were university students, school students and friends of the researcher. Subjects
with CAPD were recruited from the UWA audiology clinic who had already been diagnosed
with severe cases of CAPD. During the selection process, all subjects underwent the standard
test for peripheral hearing and middle ear function, and also the SCAN-A and SCAN-C tests,
whichever were appropriate. The inclusion criteria for the normal subject groups were that they
had to pass all of the tests carried out, while the groups of subjects with CAPD would have to
pass the standard peripheral hearing tests but fail the SCAN test.
Brief procedures and outcome of the experimental tests
(Only included tests relevant to the current study)
Sound lateralization test
The left & right perceptions were provided by interaural time difference (ITD) cues & interaural
intensity difference (IID) cues presented under headphones. Subjects ability to localize to nine
simulated sound positions around a hemifield were measured using four different stimuli, a
click, a low-pass noise (LPN); a high-pass noise (HPN) and a narrow-band noise (NBN)
Twenty normal & 15 CAPD subjects were tested and results showed that compared to the JND
and MLD, the sound lateralization test using ITD HPN, ITD NBN and IID click test conditions
were the most sensitive in identifying subjects with CAPD, with 14 of 15 CAPD subjects found
to fail the tests. Pass/fail criteria was set at ± 3 SD of the mean, determined using the error plots.
PAMR tests
Binaural, contralateral & ipsilateral responses were recorded and the amplitude ratios of
different combinations of the binaural and monaural PAMRs were computed.
Ten normal & 12 CAPD subjects were tested and results showed that all CAPD subjects had
abnormal binaural interaction processes defined as the sum of the contralateral and the
ipsilateral responses over the binaural response of the PAMR ((C+I)/B).
Conclusion
The sound lateralization test using ITD HPN, ITD NBN and/or IID test conditions, and the
PAMR test using the ratio combination of the ((C+I)/B) were found to be sensitive measures of
CAPD.
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COST ESTIMATION FOR SCHOOL BINAURAL HEARING SCREENING
(The MP3 DH test and the PAMR test)

No.

Cost incurred

Test

Estimated Cost

1.

Tester to carry out

AUD$ 30 per hour X 2 testers X 5
hours per school session X 14
schools

2.

Lap top

DH
and
PAMR
tests
PAMR
test

3.

BioAmps

4.

Rest
gels

5.

MP3 players

DH
test

AUD$ 30 X 30 units

900

6.

Headphones with DH
removable tips
test

AUD$ 10 X 30 units

300

7.

AAA batteries

AUD$ 30 X 30 units X 1 hour per
school session
(Considering 20 hours battery life)

900

AUD$ 1000 X 2 units

PAMR AUD$ 50 X 2
test

electrodes, PAMR AUD$ 20 per school session X 14
test
schools

DH
test

TOTAL

Total
(AUD$)
4200

2000

100

280

8680

The present study conducted the experimental binaural hearing tests on 256 subjects in
14 schools. Using the above estimate the total cost for binaural hearing screening, for
one subject, using the protocol as described in chapter 5, is AUD$ 8680/256 = AUD$
33.90.
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