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ABSTRACT

Auditory brainstem response (ABR) is one of the audiological tests used for hearing
threshold estimation in infants, especially those under six months of age. The
conventional ABR test is considered a time-consuming procedure because of the
limitation in the current acoustic stimuli (e.g., click and tone burst) and ABR stimulus
parameters that resulted in an extension of the test session. Hence, the present study
proposes the latest acoustic stimulus, namely narrow band level specific (NB LS) CE-
Chirp and F-test multiple points (Fmp), to address this issue. The combination of
frequency specifics stimulus and Fmp is foreseen to lessen the ABR assessment period,
reduce the number of patients lost to follow up due to miscellaneous factors (i.e.,
financial and parents’ limited annual leave) and decrease the age of audiological
diagnosis for early aural rehabilitation management to promote good health, well-being,
and quality education opportunities for all ages; as defined in Sustainable Development
Goal (SDG) of United Nations Educational, Scientific and Cultural Organization
(UNESCO). This study aimed to investigate the ABR findings from NB LS CE-Chirp
stimulus in newborn infants in comparison with the ABR elicited from tone burst
stimulus in terms of amplitude, absolute latency, hearing threshold estimation, and test
time based on two stopping criteria (i.e., signal-to-noise ratio (SNR) objective
algorithm; Fmp and visual detection). The current study conducted ABR assessment in
50 infants (27 males and 23 females) aged below 6 months old with normal middle ear
conditions and passed the neonatal hearing screening. The ABR using NB LS CE-Chirp
and tone burst stimuli were tested at three specific frequencies of 500, 1000, and 4000
Hz at 70 and 40 dBnHL using a 33.33 Hz stimulus rate. The result indicated that the
ABR elicited from NB LS CE-Chirp and tone burst stimuli showed similar wave V
amplitude across the frequencies and intensity range tested except for 1000 Hz at 70
dBnHL. In contrast, the ABR to NB LS CE-Chirp wave V amplitude was slightly larger
than the ABR to tone burst at 40 dBnHL in all frequencies tested. The NB LS CE Chirp
has significantly shorter offset absolute latencies and lower hearing threshold estimation
than ABR in tone burst stimulus. The ABR to NB LS CE-Chirp also has significantly
shortest test time in identifying wave V using Fmp > 3.1 and visual detection compared
to ABR to tone burst. In conclusion, ABR to NB LS CE-Chirp with SNR objective
algorithm detection has the potential for infants’ hearing assessment application as it
elicits the shortest test time and lower hearing threshold estimations for audiogram
prediction. However, the quality of the recording between the ABR to NB LS CE-
Chirps was marginal compared to the ABR elicited from tone burst stimulus.
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CHAPTER ONE

INTRODUCTION

1.1 PREFACE

This chapter provides an overview of the current study. The background of the study
comprises the Early Hearing Detection and Intervention (EHDI), the issue surrounding
Universal Newborn Hearing Screening (UNHS), and proposed solutions for the current
diagnostic ABR procedures for EHDI are discussed. The last part of the chapter

discusses the study's novelty, significance, and thesis structure.

1.2 BACKGROUND OF THE STUDY

Hearing is one of the five human senses and the most essential human sensory for
developing speech and language knowledge. Hearing is vital to create a healthy
lifestyle, good well-being, and quality education opportunities for all ages, aligned with
the Sustainable Development Goal (SDG) of the United Nations Educational, Scientific,
and Cultural Organization (UNESCO) Number Three: Good Health and Well-being. In
Malaysia, one of the initiatives is to identify infants with congenital hearing loss by
following the Joint Committee on Infant Hearing (JCIH) guidelines. The JCIH (2019)
introduced early hearing detection and intervention (EHDI) program to screen
newborns as early as day 1 of life up to 1 month of age, diagnose hearing loss before 2
months old, and for early aural intervention before 3 months. The neonatal hearing
screening (NHS) program is a part of the EHDI framework to identify infants with
hearing loss as early as possible, and the current standard practice in developing
countries is to detect hearing loss among children at a very early age. According to
EHDI (2019), the NHS program can be converted into Universal Neonatal Hearing
Screening (UNHS) program if the coverage rate of NHS is more than 95%.

EHDI program in Malaysia, unlike in many other countries, as it is crucial for

the early identification of hearing loss in infants. With proper audiological follow-up,



they can provide timely interventions (Malaysia Ministry of Health Screening
Committee, 2014). Audiological services in Malaysia face challenges such as ensuring
access to newborn hearing screening (NHS) programs, especially in rural and remote
areas; there may also be issues related to delayed follow up services and coordination

between different healthcare workers.

The auditory brainstem response (ABR) assessment is one of the tools used in
UNHS to detect hearing loss. ABR is an assessment to estimate hearing threshold level
typically in infants from birth to six months. ABR assessment is a crucial tool for
hearing threshold estimation in response to the acoustic stimuli (e.g., click, tone burst,
chirp, CE-Chirp, NB CE-Chirp, LS CE-Chirp and NB LS CE-Chirp); see Section
2.3.2.3. ABR is an assessment where the patient needs to be calm and relaxed; if
possible, the patient needs to sleep. Therefore, there is a need for sedation to complete
the ABR assessment; conventional ABR stimuli (e.g. click and tone burst) require
extended hours to be completed in a session that leads to more than one session, limited
ABR appointment slots in clinical settings, and prolonged waiting time lead to the

investigation of the current study.

Malaysia Ministry of Health started the UNHS program with two government
hospitals in 2011, and until recently, 48 out of 60 government hospitals provided the
UNHS program. However, the coverage rate of UNHS in Malaysia is still below par at
59.86 % (Jawatankuasa Teknikal Audiologi (JKTA, 2022) or Audiologist Technical
Committee, 2022). The average age of hearing loss detection in Malaysian public
hospitals implementing UNHS programs has shown little change since 2013, with 4.4
months. It has been reduced to 4.3 months from 2014 to 2019 (Malaysia Ministry of
Health, 2019b, 2014b). From the High-Risk Neonatal Hearing Screening (HRNHS)
program, the average detection age for hearing loss between 2013 and 2019 began at
5.3 months, then improved to 4.5 months, and subsequently rose to 6.0 months
(Malaysia Ministry of Health, 2019a, 2014a). Previous studies showed earlier hearing
loss detection leads to better intervention and prognosis (Ching, 2015; Grey et al.,
2018). Without UNHS, late identification of children with hearing impairment may

occur, limiting speech, language, and cognitive development.

The audiology field in Malaysia is moving towards an effective and systematic



UNHS program for early diagnosis of hearing loss in infants; which enhanced by the
inclusion of ABR test in the UNHS program. As mentioned above, ABR is an
assessment that confirms hearing threshold estimations, especially in infants who fail
hearing screening. Thus, delayed diagnosis can significantly influence the efficacy of
aural rehabilitation. Early identification of hearing loss is a critical factor in optimizing
language and speech development outcomes reported significantly higher language
quotients in children diagnosed with hearing loss at 6 months of age than those
diagnosed later (Yoshinaga-Itano et al. 2017, 2018). Similarly, Ching et al. (2017)
reported a more excellent speech development in children who initiated hearing aid use
at 3 months or cochlear implantation at 6 months, relative to those who began
intervention at 2 years of age. Moreover, Moeller (2000) and Yoshinaga-Itano et al.
(2017) found that children who enrolled in early intervention programs before 11
months of age exhibited enhanced vocabulary and verbal reasoning abilities.
Consequently, the pursuit of high accuracy and efficiency in ABR testing is essential to
facilitate timely diagnosis and intervention in accordance with EHDI guidelines. This
unidentified hearing impairment led to a degenerative in auditory development
(Graham, et. al, 2021; Yoshinaga-Itano et al., 1998). Lack of early identification and
language access for deaf or hard-of-hearing infants can lead to significant delays in
communication abilities, cognitive, academic, social-emotional development, and

quality of life (JCIH, 2019; Rissman et. al, 2006).

1.3 ISSUES SURROUNDING UNIVERSAL NEONATAL HEARING
SCREENING (UNHS)

ABR assessment is one of the assessments for hearing diagnosis to estimate hearing
threshold. UNHS program has issues with late diagnosis among the infant population.
The conventional frequency specifics (FS) ABR which uses tone burst as stimulus to
estimate hearing threshold across frequencies needs a longer time to complete ABR
assessment. The previous FS ABR using tone burst produced less robust ABR
waveform and time-consuming to obtain the ABR true threshold prolonged the ABR
testing time. As required by EHDI, infants should undergo FS ABR, which is tone burst
stimulus, to get comprehensive information on hearing threshold estimations after failed

UNHS before 3 months of age and early intervention by 6 months of age (JCIH, 2000).



This comprises enlightening the multidisciplinary teamwork to create the UNHS as a
part of EHDI (Muse et al., 2013; JCIH, 2019). Moreover, ABR recordings using tone
burst stimulus need the infant in a quiet or sleep state to entail a complete sweep cycle
(e.g., 2000 sweeps) for comprehensive signal averaging of neural responses and to
improve signal-to-noise ratio (SNR) in order to obtain the better quality of the ABR;
thus, patient need to come for more than one session (i.e., two to three sessions) to
complete the ABR assessment (Cain et al., 2020). However, there is limited study on
NB LS CE-Chirp and the use of objective algorithm Fmp as stopping criterion in the
current clinical practice of ABR, especially in infants. The ABR procedure usually
requires 45 minutes to complete the recording process in each ear, not including the

time spent on test preparation (Kerneis et al., 2023; Hayes, 2003).

1.4 PROPOSED SOLUTIONS FOR THE CURRENT DIAGNOSTIC ABR
PROCEDURES FOR EHDI

Despite using the routine clinical ABR parameter, the suggestion of ABR parameter for
the present study is to improve the ABR testing time by using narrow band level specific
(NB LS) CE-Chirp and objective algorithm Fmp > 3.1 as stopping criterion in which
the ABR signal is expected three times more robust than the noise. Objective methods
can improve ABR testing accuracy and sensitivity. As Fmp is a statistical analysis, the
ABR results show clinical value when stimuli are presented at intensities above the
ABR threshold. For details on the proposed ABR parameter, see Sections 2.3.2.2, 4.2,
and 5.2.

The main goal of this study is to improve the performance of ABR using NB LS
CE-Chirp stimulus and objective algorithm Fmp for faster ABR recordings in infants.
This thesis focuses on detecting Auditory Brainstem Responses (ABR) using Fmp as
objective detection methods and facilitating audiologist. The Fmp is a statistical
measure of signal -to-noise-ratio (SNR) within a recording, providing a confidence level
for ABR waves reproducibility. A higher Fmp value indicates better ABR waveform
quality and greater confidence of ABR waves presence or absence which facilitate in
shorter testing time and better objectivity of the ABR results. Traditionally, ABR

detection relied on visual detection methods. Although this approach can be sensitive,



it is inherently subjective and prone to inter-rater variability, making it challenging to
quantify false-positive and false-negative rates (Vidler & Parker, 2004; Don &
Elberling, 1996). Consequently, the reliability and objectivity of ABR detection through
visual inspection are compromised. The primary goal of these methods is to enhance
the inter-rater reliability of visual detection and accelerate the response detection

Process.

For more than 50 years of ABR in the audiology industry, the development of
ABR acoustic stimuli has changed through time to accommodate the information and
precision of hearing threshold for better management and intervention for the hearing
impaired population. The NB LS CE-Chirp is a frequency specific stimulus with
intensity dependent and latency variations. The NB LS CE-Chirp stimulus is developed
to compensate for some shortages in tone burst stimulus. NB LS CE-Chirp elicited
greater ABRs waveform and improved signal-to-noise ratio (SNR) of the ABR
recording; thus, larger amplitude and clearer waveform and shorter test time were

observed in adult population (Elberling et al., 2010; Dzulkarnain et al., 2018).

1.5 SIGNIFICANCE OF THE STUDY

The current study aims to investigate the outcome and time efficacy of NB LS CE-
Chirp stimulus for auditory brainstem response (ABR) testing in infants. This study
explored the ABR parameters using the objective algorithm Fmp of 3.1, which can
lessen testing time and improve the quality of ABR recordings (Dzulkarnain et al., 2018;
Di Scipio & Mastronardi, 2018; Bal et al., 2022). The impact of the study is foreseen
for shorter ABR testing time and more babies tested in a day and decreases the long
waiting time for an appointment, especially in clinical settings adapting the EHDI

program (Severn et al., 2012).

The shorter the ABR test time, the higher the chance that the ABR test can be
done in a single audiology appointment. Thus, ABR follow-up appointments, sedation,
and reliable behavioural hearing assessments prior to six months of age necessitates the
use of estimated thresholds for early hearing aid fittings. This introduces a significant

temporal gap between initial amplification and the verification of hearing levels through



behavioural measures. Moreover, even accurate initial hearing threshold estimationdoes

not guarantee optimal or sufficient hearing aid fittings, as noted by Dillon (2001).

1.6 STRUCTURE OF THE THESIS

This thesis consists of six chapters. The current chapter briefly describes the overall
idea of the study, which comprises the background, significance, and structure of the
thesis. Chapter two emphasises the literature review on Early Hearing Detection and
Intervention (EHDI), Newborn Hearing Screening (NHS), Universal Neonatal Hearing
Screening (UNHS), Auditory Brainstem Response (ABR) meticulously including ABR
functions, neural generators, detection types, stimulus types, factors affecting the
results, and analysis types. Chapter three focuses on the problem statement, research
objectives, and hypotheses. Chapter four focuses on experiment one, which studies the
NB LS CE-Chirp and tone burst characteristics in terms of the ABR 1i. amplitude, ii.
latency, and iii. hearing threshold estimation. This chapter consists of a detailed
methodology, results, and discussion for experiment one. Chapter five discusses
experiment two, which explores the ABR acquisition time with numerous combinations
of stimulus types and stopping criteria. This chapter comprises detailed methodology,
results, and discussion for experiment two. Lastly, chapter six discusses the summary
of the thesis, clinical implications, limitations of the study, and recommendations for

future research.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter focuses on the literature review of early hearing detection and intervention
(EHDI), newborn hearing screening (NHS), ABR assessment emphasis on the usage,
ABR neural generators, and the factors affecting the ABR results. The latter part of this
chapter discusses two acoustic stimuli that will be used in this current study which are

narrow band level specific (NB LS) CE-Chirp and tone burst.

2.2 EARLY HEARING DETECTION AND INTERVENTION (EHDI)

Early hearing detection and intervention (EHDI) is an initiative focused on early hearing
screening, diagnosis, and intervention to lessen the impact of hearing loss in infants
(JCIH, 2007; JCIH, 2019). The EHDI program is guided by two primary objectives.
First, as recommended by the JCIH (2007), it advocates for the 1-3-6 benchmark for
infants in which all infants should undergo hearing screening by 1 month of age, and all
infants who do not pass hearing screening should undergo hearing diagnostic test to
confirm the hearing level before the age of 3 months old and given aural intervention
by 6 months of old, or as soon as possible for infants in neonatal intensive care unit
(NICU). On the latest update of the revised EHDI (JCIH, 2019), the 1-2-3 benchmark
recommends hearing screening by 1 month old, diagnosis before 2 months old, and
intervention by 3 months old. EHDI aims to optimize language and communication
skills, literacy development, and overall psychological well-being of children with
hearing impairment (JCIH 2007; JCIH, 2019). Hence, the EHDI (2019) procedures

should be readily accessible to families through EHDI services and devices.



2.2.1 Newborn Hearing Screening (NHS)

Newborn Hearing Screening (NHS) is a primary step in the EHDI program and has been
applied in several countries, permitting the early identification and management of
hearing impairment in infants (Hrncic et al., 2019). For nearly the past two decades,
NHS has become the standard protocol in Malaysia, whether it is universal neonatal
hearing screening (UNHS) or high-risk hearing screening (HRHS). NHS has
significantly minimized the age detection for hearing loss in infants (Ayas & Yaseen,
2021). Previously, the NHS program was a program that screened and diagnosed
hearing levels within the first 6 months (JCIH, 2007; Rohfls et al., 2010). However, in
2019 JCIH recommended 1-2-3 benchmarks, see Section 2.2.

The NHS program aims to facilitate the early identification and intervention of
neonatal hearing impairment, thereby qualifying adverse effects on speech and language
acquisition, educational attainment, and overall pediatric development (Kirkim, et. al,
2008). Newborns who failed hearing screening in the postnatal ward must be reassessed
in the next following month at the audiology clinic to confirm the diagnosis. Early
hearing loss detection and intervention are crucial for the development in children

specifically in terms of linguistic, cognitive, and social skills (Sabo et al., 2016).

2.2.1.1 Universal Newborn Hearing Screening (UNHS)

Universal Newborn Hearing Screening (UNHS) is a program for early identification of
congenital and acquired hearing loss. Early identification of hearing loss is imperative
to prevent problems associated with speech, language, social life, and education from
falling at a later stage in life (WHO, 2021). In Malaysia, the UNHS program was
introduced by the Audiology Services Department at the Malaysia Ministry of Health
in 2011. To date, the UNHS program in Malaysia are conducted in 48 government
hospitals. The successful UNHS program is influenced by a few factors, which were
extra screening equipment, more qualified staff and enhanced screening coverage

(Abdullah et al; 2018; Ismail et al., 2018).

The stage of implementation and coverage of the UNHS program differ



significantly across the world. All infants should be screened and assessed to identify
hearing loss before 3 months of age. High risk newborns population are probably to
miss around 50% of infants with no risk for hearing loss (Wroblewska-Seniuk et al.,
2017). The objective of the UNHS program is to detect and identify hearing loss in
newborns as early as possible and to proceed with appropriate intervention (WHO,

2021).

2.2.2 Equipment used in EHDI

This section discusses three primary tools used in early hearing detection and
intervention (EHDI), which are behavioural observation audiometry (BOA),
otoacoustic emissions (OAE), and automated auditory brainstem response (AABR) for

hearing screening.

2.2.2.1 Otoacoustic emissions (OAE)

The otoacoustic emissions (OAE) test is a tool to test cochlear function, specifically
using a sensitive microphone within a probe that records outer hair cells (OHCs)
responses towards acoustic stimuli (Kemp et al., 2002; Kemp et al., 1978; Northern &
Downs, 2002). There are two types of OAE which are spontaneous OAE (SOAE) and
evoked (EAOE). SOAE recorded the continuous sounds produced by the ear without
any external acoustic stimulation. In contrast, for EOAE were generated in response to
an acoustic stimulus presented to the ear. For EOAE, there are 3 main types which are
transient OAE (TEOAE), distortion product OAE (DPOAE), stimulus-frequency OAE
(SFOAE). TEOAE which produced brief and broadband stimuli such as click and tone
burst providing a frequency specific of cochlear function and highly sensitive to
cochlear pathology which made ideal for NHS (Kemp et al., 2002; Northern & Downs,
2002). SFOAE using continuous pure tone stimuli and making it difficult to distinguish

the emission from the stimulus; thus, it rarely used clinically (Kemp et al., 2002).

Previous research indicates that DPOAEs which produced two simultaneous

pure tones are widely used in clinical settings for hearing assessment, particularly in
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NHS programs and monitoring cochlear function in various populations (Abdala &
Visster-Dumont, 2001; Papping et al., 2022). Earlier studies consistently demonstrate
the sensitivity and specificity of DPOAESs in detecting cochlear dysfunction, including
hearing loss of various degrees and configuration levels (Levit et al., 2015; Reddy et al.,
2019). There are particularly effective in identifying mild to moderate sensorineural
hearing loss (SNHL), where outer hair cell (OHC) function may be affected. Moreover,
DPOAEs have shown efficacy in distinguishing between sensory and neural

components of hearing loss, aiding in differential diagnosis (Johnson, 2005).

Challenges highlighted in the literature including variability in DPOAE
responses among individuals which can be influenced by factors such as age, ear canal
acoustics, and environmental noise (Kemp, 1978). Addressing these challenges involves
standardizing testing protocols, establishing normative data for diverse populations, and
ensuring adequate training for audiologists and technicians conducting DPOAE
measurements (van Dyk et al., 2015). Overall, the literature supports DPOAEs as a
valuable tool in audiology practice, offering a non-invasive and objective assessment of
cochlear function that complements traditional audiometry (Kemp, 1978; Akinpelu et

al., 2014).

2.2.2.2 Automated auditory brainstem response (AABR)

Auditory brainstem response (ABR) is an auditory evoked potential that reflects
ongoing electrical activity from the vestibulocochlear nerve (CN VIII) up to the
brainstem (Jewett & Williston, 1971). Automated auditory brainstem response (AABR)
is a screening version of ABR that assesses neural responses from the brainstem,
distinguishing it from ABR which is used diagnostically. AABR is noted for its
comprehensive assessment of neural hearing pathways, making it more sensitive than
OAE screening for detecting neural hearing loss (JCIH, 2000; Sheng et al., 2021). This
test is particularly valuable in newborn hearing screening programs, especially in infants

who may not be able to participate in behavioural audiometric testing.
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2.2.2.3 Behavioural observation audiometry (BOA)

Behavioural observation audiometry (BOA) is an assessment that observes infants’
hearing via the reflexes towards the sound given (Downs & Sterritt, 1964). The
advantages of BOA are cost-effectiveness, low maintenance, ease of administration,
rapid use of specific multi frequency stimuli, and the ability to detect severe to profound
bilateral hearing loss (Hall, 1992; Mauk et al., 1993; Morton & Nance, 2006). However,
BOA has limitations as it relies on subjective judgment for response detection (Durieux-
Smith & Jacobson, 1985; Mauk et al., 1993; Alberti et al., 1983), often underestimates
the degree of hearing loss (Karikoski et al., 1998; Parving et al., 1981), struggles with
identifying specific hearing loss configurations (Taylor & Mencher, 1972), lacks of ear
specific information, and is influenced by the infant's arousal state (Bonino & Leibold;

2017; Northern & Downs, 2002; BSA 2019).

2.3 AUDITORY BRAINSTEM RESPONSE (ABR)

ABR is an assessment of far-field electrophysiology response recorded from the scalp
for hearing thresholds estimation via a recording of the transmission times (i.e.,
latencies) and quantifying the amplitudes (Jewett & Williston, 1971; Young et. al,
2022). Jewett and Williston (1971) first described brainstem wave interpretation. The
ABR components are generated by neuronal activity in the ear, auditory nerve,
brainstem nuclei, and fibre tracts of ascending auditory pathways (Moller, 2006). The
labelling of ABR is via Roman numerals (Jewett & Williston, 1971). This labelling
component of evoked potential is tracked by a number that gives the normal values of
the latency corresponding to the neural generators (Moller, 2006) which will be
discussed further in next subsection 2.3.1. Hecox and Galambos (1974) introduced the
use of ABR for threshold estimation in infants, thus expanding the range of applications
for this technique. In audiology clinics, ABR is widely used for pediatrics population

and difficult to test patients (Zhou et al., 2012).
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2.3.1 ABR Neural Generators

Neurogenic sources of the ABR extend from the distal auditory nerve to potentially the
thalamic level (e. g., medial geniculate body). While the early components are relatively
well understood, the origins of the later components remain complex and are still under
investigation. Besides, the effects of central nervous system pathology on the ABR
further solidify its role in diagnosing neurological conditions (Starr & Achor, 1975).
The neural generator of ABR is measured from the cochlea up to the auditory brainstem
(Moller & Jannetta, 1985). ABR is produced when an acoustic stimulus activates the
hair cells in the cochlea and transforms the sound energy into an electrical signal (Moller
& Jannetta, 1982a). Then, the electrical signal from the cochlea travels to the cochlear
nucleus via the auditory nerve (Moller & Jannetta, 1983). This electrical signal codes the
cues to the third order neurons, mostly located in superior olivary complex (SOC)
(Moller & Jannetta, 1985). Next, the electrical signal codes the indications that enhance
sound dispersion on the source of concurrent binaural ascending inputs to the lateral
lemniscus (Hashimoto et al., 1981; Moller and Jannetta, 1982). Subsequently, the lateral
lemniscus transmits the sound inputs to brainstem nuclei and eventually to the
contralateral lateral lemniscus of the mesencephalon (Hashimoto et al., 1981; Moller &
Jannetta, 1982). The inferior colliculus sited on the dorsal surface of the mesencephalon
and function to combine ascending and descending information from auditory, i.e., input
combination, pitch recognition, and frequency identification (Moller & Janneta 1982; Ito

etal., 2016).

Five waves of ABR recordings are attained by signal averaging measurement
from abundant runs. The ABR neural generator of wave I originates from the distal
portion of the auditory nerve, wave II represents a proximal portion of the auditory
nerve, wave III is the response of the cochlear nucleus, wave IV is generated by the
nuclei of the SOC, and the most important part of ABR is wave V represents high pons
which consists of lateral lemniscus and inferior colliculus (Moller & Jannetta, 1985).
ABR wave I in newborns less than three months old resembles adult wave I (Cebulla et
al., 2012). In contrast, waves IIl and V are prolonged in newborns because of
incompletion and constant maturation of the auditory pathway, see subsection 2.3.2.1.1
(Stipdonk et al., 2016). The overview of ABR neural generators is illustrated in Figure
2.1.
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The positive peaks seen in the ABR waveform have been established as
indicators of neural activity within the auditory brainstem, as these peaks correspond to
the activation of specific neural structures along this auditory brainstem pathway (Rowe
III, 1978). The neural generators of the ABR comprise the cochlear nuclei, superior
olivary complex (SOC), lateral lemniscus, inferior colliculi, and medial geniculate
nuclei, which transmit electrical signals to the auditory cortex collectively form the
ascending auditory pathway (Moller, 2003, Felix et al., 2018). Wave I primarily reflects
activity in the distal portion of the ipsilateral vestibulocochlear nerve, while wave II is
predominantly generated by the proximal portion of the vestibulocochlear nerve, with
potential contributions from its distal segment (Moller et al., 1985). Waves III and IV
originate from neural activity within the lower brainstem, with wave III primarily
generated by neurons in the ipsilateral cochlear nucleus, though small input from
auditory nerve fibres. Conversely, other study indicates that wave III represents neural
activity within the contralateral superior olivary complex (Moore, 1987) or originates
from neural structures in the caudal lateral brainstem, trigeminal nerve (CN V) or
between CN V and CN VIII may play an indirect role in the generation of evoked
potentials possibly in proximity to the CN V (Moller et al., 1995).

Neural activities from the pons generate waves III and IV (Hashimoto et
al.,1981). Moller et al. (1995) reported that wave IV was generated by the bilateral
combination of activities in the SOC, cochlear nucleus, and neural activities in the
nucleus of the lateral lemniscus. This contradicts with the findings from earlier studies
found that wave IV was mainly generated from the inferior colliculus (Jewett, 1970; Lev
& Sohmer, 1972). The discrepancy findings and indefinite neural generator for waves
IIT and IV could be attributed to at least three reasons: 1) the complexity of the ascending
auditory system; thus, waves III and IV might represent neural activities from multiple
concurrent neural sources; i) some anatomical studies conducted on animals, thus,
could not be generalized in human at least due to the disparity of anatomical size, and
ii1) insufficient amount of neural activities to precisely locate the neural generator (Hall
et al., 1984; R., Moller Aage et al., 1985). Wave V represents activities at the
termination of the contralateral distal lateral lemniscus and as it enters the contralateral
inferior colliculus which is the most prominent peak of the ABR (Hamam & Purnami,
2020; Moller et al., 1988, 1995; Moller & Jannetta, 1983a; Moore, 1987). The interpeak

latencies (IPL) of waves I-V represent action potentials conduction time from the

14



peripheral auditory system to the midbrain (Hood, 1998).
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Figure 2.1 Overview of ABR neural generators
https://www.audiologyonline.com/articles/evoked-potentials-part-1-good-23607

2.3.2 ABR interpretation and analysis

The measurement of ABR recordings are the absolute latencies and amplitudes. The
bandwidth of latency and amplitude need to be set appropriately to confirm small
waveforms near the threshold are clear. The bandwidth of 0.025 to 0.100 microvolt (uV)
on the y-axis (i.e., amplitude) and 1 to 10 milliseconds (ms) on the x-axis (i.e., latency)
is acceptable (Young et al., 2022). Three major peaks are usually observed in the first
10 ms of acoustic stimulation elicited waves I, III, and V as discussed in Section. 2.3.1
(Sloan, 2006). Amplitude is defined by the height of the peak wave to the subsequent
trough (Rouillon et al., 2016). This wave amplitude depends on the intensity level and
quantity of synchronous neural activity (Verhulst et al., 2016). ABR peak amplitude
increases when more neural fibres are simultaneously activated (Rouillon et al., 2016).

ABR latency is the duration between the stimulus onset and the peak of a wave
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(Rasetshwane et al., 2013). As mentioned in Section 2.3.1, stimulus intensity level and
age can influence the wave latencies (Rasetshwane et al., 2013). Wave latencies are
found to be prolonged in infants and lessen with age (Rouillon et al., 2016). The ABR
waveform response, whether it is clear or purely absent, is recorded at three consecutive
levels parted by 5 or 10 dB (Elberling et al., 2010). Absence of ABR waveform is
because lack of the myelination and conduction time which leads to auditory signal

deprivation with actual temporal relation (Sinclair et al., 2017).

2.3.3 Factors Affecting ABR Results

There are several factors that may affect the wave amplitudes, absolute latencies, and
hearing threshold estimation in ABR. These factors are categorized as acquisition

variables, stimulus variables, and subject variables.

2.3.3.1 Non-Pathological Factors

The non-pathological factors that can influence the ABR results will be discussed in this
subsection. Non-pathological factors include age, gender, body temperature, state of

arousal, medication, and muscular activities.

2.3.3.1.1 Age

The maturation of brain and auditory system in infants is age-dependent and the
development will last until the age of 6 months (Galambos & Hecox, 1978). ABR
showed longer absolute latency in the younger population compared to the adult
population (Hecox & Galambos, 1974; Eggermont & Salamy, 1988; Allison, 1983).
Neurological maturation facilitates auditory signal transmission efficiently in newborns
as the age increases, ABR latencies decrease and in the direction of adult norms (Ponton
et al.,1996). Wave I matures early in life, reaching adult-like levels between 3 and 12
years old (Khatoon et al., 2013; Roncagliolo et al., 2000; Sharmaet al., 2016). ABR

waves III and V develop rapidly in infancy and attain adult-like characteristics between
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the age of 12 and 18 months (Hecox & Burkard, 1982; Salamy et al.,1976). However,
some studies found that waves Il and V mature later at the age of 2 or older (Coenraad
et al., 2010; Fria & Doyle, 1984; Gorga et al., 1989; Khatoon et al., 2013; Skoe et al.,
2015). These findings were supported by Spitzer et al. (2015), showing that wave V
latency is delayed in 3 years old compared to older children suggesting maturation
continues beyond 2 years of age and varies among children influenced by differences in
the development of the lateral lemniscus and inferior colliculus. Consequently, some

children reach adult- like wave V earlier than others (Spitzer et al., 2015).

A study by Sharma et al. (2016) suggested that the brainstem matures around the
age of 3 which is the critical period for auditory system development. During this time,
the myelination of auditory nerve axons particularly in the inferior colliculus and
brainstem pathways are rapidly increases (Johnson et al., 2008). However, cortical
maturation begins later between age of 2 and 5 years old, and absolute latency reaches
adult levels at the age of 6 to 12 years old (Sharma et al., 2016; Sleifer et al., 2007).
ABR in children often elicits shorter amplitude and longer absolute latency compared to
adults due to synaptic transmission immaturity, potentially leading to missing of
information along the auditory pathway (Sharma et al., 2016). The difference in latency
in the elderly is because of central presbycusis in which changes in the cochlear nucleus,
SOC, and neuronal propagation within the brainstem and deteriorating of receptor

organs (Patterson et al., 1981; Moller, 1985; Starr, 1976).

In adults, ABR latencies for waves I, III, and V generally remain stable as age
increases (Beagley & Sheldrake, 1978). However, some studies have reported longer
wave III latencies in older adults, particularly those over 50 years of age (Allison et al.,
1983; Patterson et al., 1981; Rosenhamer etal., 1980; Rowe III, 1978; Trune et al., 1988).
In addition, as amplitude and latency values vary with age, the age adjusted normative
data is recommended. As age increases, ABR amplitudes are larger and latencies are
shorter; thus, ABR hearing thresholds estimation is lower. There are several studies
suggested that the estimated ABR hearing thresholds in infants are often higher than in
adults. This is supported by several studies indicating that ABR hearing thresholds
estimation in infants are often higher than those of adults (Adelman et al., 1990; Lasky

et al., 1987; Mochizuki et al., 1983; Stockard & Curran, 1990).
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2.3.3.1.2 Gender

Gender may influence the ABR results in ways other than age-related factors. Frisna
(2009) reported that head size influences the ABR results recorded in terms of fibre tract
length and the electrode configurations of neural generators. Gender has a major impact
on ABR results, such as estrogen hormones will delay the latencies and shorter
amplitudes (Ferreira et al., 2019; Zakaria et al., 2022). Previous literature showed that
female may have shorter ABR latencies than male (Tafti et al., 2007). This condition is
perhaps due to the possibility of shorter conduction times and head size of female

(Jerger & Hall, 1980; Aoyagi et al., 1990).

Additionally, shorter absolute latencies occur in female because of female has
cochlear duct and the estrogen hormones lead to more stiffness of the basilar membrane;
thus, this may elicit earlier ABR latencies than male (Jerger & Hall, 1980). Hormonal
and head size influence is connected to the conduction velocity of cochlear travelling
wave rises and may cause faster neural synchrony in female (Krizman et al., 2020).
Increased levels of estrogen or testosterone can cause longer ABR wave V peak
latencies. In female, estrogen levels peak during the menstrual cycle, which can cause
ABR wave V peak latencies to elongate (Krizman et al., 2020; Aloufi et al., 2023). In
males, testosterone is converted to estrogen in the central auditory pathway, which may
also cause increased latency (Aloufi et al., 2023). Hearing sensitivity improves during
the late follicular phase, decreases during the luteal phase, and declines rapidly at the
onset of menopause (Aloufi et al., 2023; Trott et al., 2019; Caruso et al., 2019).
However, estrogen treatment can improve hearing function in postmenopausal women
(Aloufi et al., 2023). Pregnancy can cause auditory dysfunction including prolonged
ABR interpeak intervals (Aloufi et al., 2023; Dehan, 1990). Other substances that can
influence the ABR include progesterone, luteinizing hormone, and follicle-stimulating

hormone (Dehan, 1990).

2.3.3.1.3 Body Temperature

Body temperature may affect ABR findings specifically wave I when hypothermia
occurs, which is low body temperature (Gulick & Cutt, 1961). Hypothermia may lead
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to a reduction of auditory sensitivity for higher frequency signals, as predicted in ABR
(Brown et al. 1983). Furthermore, the axon conduction velocity and synaptic
transmission are slower (Benita & Conde, 1972). The acoustic nerve and brainstem
temperatures are correlated with synaptic transmission and axonal conduction velocity

(Kohshi & Konda, 1990).

For hyperthermia, the body temperature is higher than the average normal
temperature, which is 37°C. The higher the temperature, the shorter the ABR latency in
humans (Kohshi & Konda, 1990). The ABR findings may reduce the latency and
amplitude of ABR waves (Barnet, 1980; Brit et al., 1983; Marsh et al., 1984; Gold et
al., 1985). It is associated with axonal conduction velocity alteration (Katbamna et al.,
1993). Therefore, it is not recommended to conduct ABR assessment in patients with

hyperthermia (e.g., high fever).

2.3.3.1.4 State of Arousal

Jewett and Willinston (1971) found that no significant difference in ABR waveform
was recorded in awake and natural sleep subjects. Robust ABR waveforms are found in
deep sleep subjects (Osterhammel et al., 1985). Awake subjects may lead to false
positive ABR results. During sleep, ABR elicits robust waveform due to axonal
conduction velocity and synaptic transmission increment in the auditory nerve and
brainstem (Harvey et al., 2006). The previous studies investigated the effects of sleep
on the fast and slow mechanisms of ABR in humans. The ABR was recorded from
brainwave activity (EEG), body temperature, and ABR waveforms from one adult male
during night sleep (Mokotoff et al., 1977). These results align with the idea that lower
body temperature during sleep can lead to slower neural activity in the auditory nerve
and brainstem, however, a change that is reversible upon waking. The usage of chloral
hydrate is very common in ABR testing for children or difficult to test patients. ABR
recordings were obtained from 26 subjects undergoing anesthesia with enflurane
halothane, or thalamonal. Under enflurane anesthesia, a prolongation of approximately
0.1 ms in wave III and 0.4 ms in wave V of the ABR was observed (Wilson et al., 2006).
However, a dose dependent relationship was not evident suggesting that ABR latencies

remained relatively stable within a certain range of anaesthetic dosages. Similar trends
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were noted with halothane and thalamonal anesthesia. These findings indicate that ABR
is a valuable tool for monitoring brainstem function during surgical procedures under
general anesthesia. Given the potential influence of anesthetics on ABR waveforms
baseline recordings prior to neurosurgical interventions are crucial (Gundogdu et al.,

2022; Kaveh et al., 2021).

2.3.3.1.5 Muscle Activities

Head and neck muscle activities have significant effects on ABR recordings (Maruthy,
2015). The common cause of the noise that may affects ABR results is muscle artifacts.
The muscle activities may produce activities with a similar frequency to the ABR;
therefore, it cannot be rejected entirely by the recording (Jacobson,1994; Picton et al.,
1974). For instance, eye blinking, teeth grinding, jaw clenching, neck stiffening, or limb
movement are known to influence ABR findings and because of that, the patient is
always be reminded to relax throughout the recording. However, previous literature
found that there was no correlation between ABR recordings and pacifier usage, as the
ABR found similar results in whether a pacifier was used or not (Bruhn & Ferraro,

2018).

2.3.3.2 Stimulus Parameter

The stimulus parameters are stimulus type, stimulus frequency, stimulus intensity,

stimulus rate, stimulus polarity, and transducer.

2.3.3.2.1 Intensity

Amplitude and latency of the ABRs are influenced by stimulus intensity, expressed in
decibel (dB). At higher intensity levels (e.g., 70 or 80 dBnHL), the ABR amplitude was
larger and absolute latency was shorter; as intensity decreases from 80 to 20 dBnHL, it
follows with decreases in ABR amplitude and prolongation in absolute latency by 2.0ms

or an average of 0.2 ms per 10 dB (Hecox & Galambos, 1974; Picton et al., 1974;
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Stockard et al., 1979; Hall III, 2015). ABR latency exhibits a pronounced increase at
intensities below 70 dBnHL with minimal or no reduction observed above this level.
The latency-intensity function demonstrates a more gradual slope, ranging from 0.10 to
0.20 ms/10 dB between 60 and 95 dBnHL. Beyond this range, wave V latency increases
but at a very minimum. Consequently, the average latency-intensity slope is estimated
to be an average of 0.38 ms/10 dB (Gorga et al., 1985; Hecox & Galambos, 1974). All
ABR waveforms, including waves I to V are visible at high-intensity levels. As stimulus
intensity decreases below 50 dB SL, the less prominent waves II and IV become
attenuated. A further reduction to 30 dB SL results in the attenuation of waves I and III,
while wave V remains detectable due to its comparatively larger amplitude (Hood,

1998).

2.3.3.2.2 Rate

Stimulus repetition rate is number of stimuli presented per second within a given
averaging epoch and a critical parameter influencing ABR recording quality and
efficiency (Polenenko & Maddox, 2019). Rapid stimulus rate is recommended for use
in infant subjects as this faster rate of stimulus allows the test to run rapidly before the
subject is awake (Rasetshwane et al., 2013). The stimulus repetition rate denotes the
frequency at which stimuli are presented one per second and averaged over the total
number of trials. Adjusting this rate can optimize ABR recordings by enhancing signal
quality and reducing test duration. A shorter test time increases the likelihood of infants
completing ABR tests in a single session, promoting natural sleep, and minimizing the
need for sedation. Typically, slower repetition rates are employed for diagnostic

purposes, while intermediate rates are suitable for threshold estimation (Hall III, 2015).

Two techniques are employed to decrease ABR acquisition time which are
conventional high stimulus repetition rates and maximum length sequences (MLS). The
conventional approach utilizes increased repetition rates. For instance, completing 4000
sweeps of somatosensory evoked responses (SSERs) at a slow repetition rate of 11
clicks per second (cps) requires approximately 6 minutes. However, as the rate is
increased from 11 cps to 19.1 cps, the time needed for 4000 sweeps is reduced to 3

minutes (Dzulkarnain et al., 2020). Further increases to 61.1 cps and 100 cps yield even
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faster completion times of 1 minute and 30 seconds, respectively (Dzulkarnain et al.,
2013). However, a critical limitation exists with the conventional method. Increasing
the repetition rate beyond 100 cps can introduce distortions and signal overlap during
averaging, potentially compromising ABR validity. No significant difference between
11.1 and 31.1 cps was found in ABR recordings (McKnight et al., 2018). However, in
another study, there was a significant difference between 9.0 cps and 21.1 cps without
influencing the ABR recordings, as the faster rate can decrease the ABR acquisition

time (Kerneis, et al., 2023).

From previous literature, Maximum Length Sequences (MLS) were introduced
to overcome the limitations of conventional high stimulus repetition rates, enabling the
presentation of stimuli at frequencies exceeding 100 cps (Eysholdt & Schreiner, 1982).
ABR test using MLS foreseen faster testing time and more efficient because of the
longer latency from increased repetition rate (Chiappa et 1970, don et al 1977). The
increment of the latency may be due to neural adaptation as refractoriness and
decrement of synaptic efficiency. This electrophysiological technique allows for rapid
stimulus presentation resulting in overlapping responses between successive stimuli
(Eysholdt & Schreiner, 1982; Thornton & Slaven, 1993). Consequently, MLS
significantly reduces ABR test duration while maintaining the quality and accuracy of
conventional ABR protocols. Previous studies have revealed the efficacy of MLS in
both adult and infant populations. ABR waves I, III, and V have been successfully
detected at exceptionally high stimulus repetition rates ranging from 856 to 909.1 cps,
albeit with varying detection rates (Eysholdt & Schreiner, 1982; Lina-Granade et al.,
1994; B. A. Weber & Roush, 1993).

However, in certain situations, both conventional high stimulus repetition rates
and MLS can lead to decreased ABR amplitude and prolonged latency because of neural
fatigue and auditory system adaptation (April et al., 2007; Cebulla & Stiirzebecher,
2013; Don et al., 1977; Fowler & Nofsinger, 1983; Parthasarathy et al., 1998). As the
stimulus repetition rate increases, the inter-stimulus interval shortens. This reduced
inter-stimulus interval limits the number of neurons capable of responding to
subsequent stimuli, as a significant proportion remains in the refractory period.
Consequently, the overall neural response diminishes and resulting in reduced ABR

amplitude and increased latency (April et al., 2007; Cebulla & Stiirzebecher, 2013;
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Manuel Don et al., 1977; Fowler & Nofsinger, 1983; Parthasarathy et al., 1998).

2.3.3.2.3 Polarity

There are three stimulus polarities in ABR measurements which are condensation,
rarefaction, and alternating. Condensation or positive polarity is characterized by an
initial positive pressure phase that induces inward tympanic membrane displacement.
Conversely, rarefaction or negative polarity is defined by an initial negative pressure
phase resulting in outward tympanic membrane movement. In ABR testing, the stimulus
can be presented with either constant (positive or negative) which is also known as
alternating polarity (Kumar et al., 2013; De Lima et al., 2008; Jacobson & Hyde, 1985;
Stockard et al., 1978). The ABR recordings via modified upward chirp stimuli were
obtained from the whole basilar membrane according to the corresponding frequency
and position along the membrane (Dzulkarnain et al., 2021). This finding aligns with
previous research using ABR elicited by click stimulus (Sand, 1991; Schwartz, 1990;
Jiang et al., 2021). To date, there is limited consensus on the impact of stimulus polarity
on ABR findings; although several studies reported no significant differences in ABR
responses to click and rising chirp stimuli of varying polarities (Fowler, 1992;

Balachandra, 1992; Cobb, 2016).

Previous literature reported that alternating stimulus polarity effectively reduced
artifact, resulting in a clear, initial, and vertex positive deflection. Rarefaction polarity
demonstrated superior synchronizing properties, as evidenced by increased amplitude
in waves [ until IV and distinct differentiation of waves IV and V (Aurer et al., 1980).
In this study, the acoustic stimuli will be presented using alternating polarity to reject
the stimulus artifacts (Jacobson & Hyde, 1985; Stockard et al., 1978; Rodrigues et al.,
2013).

2.3.3.2.4 Transducer

The acoustic stimulus will be given via ER-3A earphones for comfort purposes and

better clinical findings (Muhler et al., 2013). TDH-39 headphones prompt an
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electromagnetic shield that results in stimulus artifacts at higher intensity levels. In
contrast, earphones have electromagnetic shielding to abolish electromagnetic artifact
(Coats et al., 1979). The ER-3A insert earphones decrease the stimulus crossover

likelihood from the test ear to the non-test ear.

2.3.3.3 Stimulus Types

ABR is an assessment to estimate hearing thresholds in infants from birth to six months.
There are various stimuli available for ABR assessment, such as click, tone burst, chirp,
CE-Chirp, NB CE-Chirp, LS CE-Chirp and NB LS CE-Chirp. For more than 50 years
of ABR in the audiology industry, the development of ABR acoustic stimuli has
changed through time to accommodate the information and precision of hearing

threshold for better management and intervention for the hearing impaired population.

2.3.3.3.1 Click

Click is a short duration stimulus with the stimulus energy presented for 0.1
milliseconds (ms) or 100 microseconds (pus) with a broadband frequency spectrum. In
click stimulus, due to abrupt onset of the neural responses are dyssynchronous owing to
the different travelling times of each of the frequencies that travel along the cochlear
(Dau et al., 2000). The ABR elicited from the click stimulus may not be able to identify
those with low frequency hearing loss because the click stimulus smeared mainly on the
high frequencies region (Cheng et al., 2021). Hearing loss at low frequency might be
missed due to normal hearing threshold estimation from the ABR. This normal or delay
latencies of ABR results may be because of there is abundant energy in the click

between 2000 to 4000 Hz that will elicit presence of an ABR waveform (Hall II1, 2013).

As click stimulus with temporal dispersion characteristics which widely spread
initially at high frequency regions of the basilar membrane and sooner than towards low
frequency regions (Jewett & Williston, 1971). This condition is due to the cochlea
travelling wave and the ABR more prominent from HF regions before going further of

the cochlear regions. Thus, tone burst stimulus is developed to overcome the limitation
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of click stimulus.

2.3.3.3.2 Tone Burst

Tone burst is a frequency specific ABR stimulus that is developed to estimate hearing
threshold at a specific octave frequency. It is a short pure tones duration of 5
milliseconds (ms) or less with frequencies specific band from 500 Hz to 4000 Hz
(Hecox et al., 1976). The aim was to generate rapid onset to efficiently elicit an ABR
waveform while restricting the frequency content of the stimulus. Tone bursts are
defined by the rise and fall time of two cycles and a plateau of one cycle (Hecox &
Galambos, 1978). The length, the rise fall time and the characteristics in which the
stimulus is enveloped to regulate the spectral spread in tone burst stimulus (Gorga et al.,
2006). Though tone burst is a FS stimulus which is likely to have a great value for ABR
threshold measurements and the usage of these stimuli has been suggested from
numerous findings (Stapells & Oates, 1997; ASHA, 2004; JCIH, 2007). However, tone
burst stimulus is still underutilized in clinical settings due to several reasons. First, the
amplitude elicited from ABR to tone burst is usually 70% smaller than the amplitude of
ABR to click as the tone burst is a FS ABR stimulus encompassing a specific frequency
range which elicited less robust overall response (Ferm et al., 2013). Secondly, an
extended ABR assessment time is required to attain consistent ABR waveforms elicited
via tone burst stimulus. Third, audiologists reported indecisiveness regarding the exact
procedures and practical difficulties in identifying wave V from ABR to tone burst,

specifically at the lower frequency (Windmill & Windmill, 2006).

Tone burst frequencies consist of 500, 1000, 2000, 4000, and 8000 Hz (Shore &
Nuttall, 1985; Polonenko & Maddox, 2019). Hall (1992) stated that low frequency tone
burst has larger peaks in averaged ABR. Besides, tone burst stimulus is excellent for
interpreting the hearing threshold at 500 Hz and 1000 Hz with higher intensity levels
only (Dagna et al., 2014). In addition, numerous studies stated that poor quality of ABR
was produced by tone burst specifically at 500 Hz in which the waves are complex with
unstable responses for visual detection (Pinto & Matas, 2007). The previous study did
not suggest that tone bursts should be used as a standardized ABR stimulus for routine

audiological assessment (Mobley & Gibson, 2000). This leads to the limitation of ABR
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to tone burst findings. Therefore, in the current study, the relationship between NB LS

CE-Chirp stimulus and tone burst ABR findings will be further investigated.

2.3.3.3.3 Chirp

Dau et al. (2000) first introduced chirp stimulus as a significant innovation in auditory
research inspired by the linear cochlear model (de Boer, 1980) and expanding upon the
concept of frequency-swept stimuli used by Shore and Nuttall (1985) in compound
action potential recordings. The development of a chirp stimulus compensates for the
delay of the cochlear wave travelling in ABR by stimulating different neural units along
the basilar membrane (Elberling & Don, 2000). The chirp stimulus arrives at a low
frequency about five milliseconds (5 ms) earlier than the high frequencies (Hall III,
2013). ABR to chirp is twice as robust as ABR to click and less averaging is needed
(Hall III, 2013). Chirp stimulus is easily distinguishable specifically at near threshold
level and refining ABR waves leads to extra accurate hearing threshold estimation (Xu
etal.,2014). ABR to chirp produces a similar signal-to-noise ratio (SNR) that can lessen
ABR testing time for newborns (Ferm et al., 2013). This chirp has limitations as the
ABR findings showed wave distortion at higher intensity stimulation levels that produce

lower amplitude and longer latency (Maloff & Hood, 2014).

Claus Elberling (CE) improved the chirp stimulus to overcome the limitation of
conventional chirp. This modified chirp stimulus is a family of short duration with
broadband spectrum of 12 ms (Elberling et al., 2008; Elberling et al., 2010). CE-Chirp
with five octave band oscillating from 350 to 11 3000 Hz and has better responses
towards the temporal distribution in the normal cochlea by introducing energy to the
low frequency part first before the high frequency in order the acoustic stimuli arrive at
the same time (Elberling, 2007; Elberling & Don, 2008; Suleman, 2021). This condition
is called the cochlear travelling wave delay model which has a latency frequency
function that is fixed with the stimulation level. However, joint dataset analysis reported
there were small differences in latency for different stimulation levels (i.e., ranging from
10 to 70 dBnHL) (Don et al., 1998; 2005). Thus, the differences were small to consider
the latency delay to be persistent across all stimulus levels (Elberling et al., 2010).

The ABR to chirp results in enhanced neural synchrony activities that lead to
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larger ABR amplitudes and earlier ABR latencies (Morimoto et al., 2019; van Dyk,
2019). However, ABR to CE-Chirp findings are deficient at higher intensity stimulation
levels. This condition happen because of the chirp duration is too short to excite the fast

component of ABRs (Kristensen & Elberling, 2012).

2.3.3.3.4 Level specific CE-Chirp

Level specific (LS) CE-Chirp was introduced to elevate the amplitude saturation of
broadband (BBN) chirp (Cargnelutti et al., 2017). The LS CE-Chirp is characterized
via the stimulus intensity level (i.e., 0 to 100 dBnHL) with a five dBnHL step (Di Scipio
& Mastronardi, 2015). The purpose of the LS CE-Chirp is to overcome all wave
amplitude for all intensities especially higher intensity to elicit larger amplitude
(Elberling et al., 2008; Elberling et al., 2010). This stimulus produces longer latency at
a higher intensity level (i.e., at 80 dB or 60 dB) than in click stimulus and has a direct
method for delay compensation. At higher intensity levels, LS CE-Chirp widens the
upward spread of excitation (Elberling et al., 2010). This is because LS CE-Chirp has a
wider range of frequency components and will excite along the basilar membrane,
resulting in a consecutive smeared signal and desynchronization of neuronal firing.
Hence, this LS CE-Chirp stimulus is a broadband spectrum and is inconclusive for

frequency specifics.

2.3.3.3.5 Narrowband (NB) CE- Chirp

The narrow band (NB) CE-Chirp stimulus is developed to compensate for some
shortages in tone burst stimulus. NB CE-Chirp consists of a set of frequencies specific
stimuli centred which are around 500 Hz (360 to 720 Hz), 1000 Hz (720 to 1440 Hz),
2000 Hz (1440 to 2880 Hz), and 4000 Hz (2880 to 5760 Hz) (Ocal et al., 2021). The
stimulated range of the NB CE-Chirp stimulus is broader than the tone burst stimulus
and allows different synchronous neural firing along the basal part to the apical end of
the cochlea. ABR to NB CE-chirp generates shorter latencies than the ABR to tone burst
especially at low frequencies (Rodrigues et al., 2013). Higher amplitudes were found

with ABR to NB CE-Chirp for all frequencies tested except at high intensity levels
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which are more than 60 dBnHL (Xu et al., 2014; Rodrigues et al., 2016). The larger
spectral spread of the NB CE-Chirp leads to increased neural synchrony across a larger
number of nerve fibres resulting in an increased description of wave V. Therefore, the
ABR findings are found that larger amplitude and lower threshold level are obtained
using NB CE-Chirp than tone burst (Ferm et al., 2013; 2015).

As known, CE-Chirp acoustic stimuli produce bigger wave V amplitudes by
eliciting ideal stimulation to the basilar membrane. The stimulation by CE-Chirp
contributes to greater neural synchronization across the frequency range initially to the
low frequency energy and followed by high frequency energy. Ferm et al. (2013) studies
showed that NB CE-Chirp stimulus is more effective than tone burst in newborn hearing
screening (NHS) programs. Following the original idea of broadband LS CE Chirp, NB
LS CE-Chirp was then used for infant hearing assessment. This NB LS CE-Chirp offers
various stimuli for each 5 dBnHL step from 0 to 100 dBnHL with four specific
frequencies (Maslin, 2017).

2.3.3.3.6 Narrowband level specific (NB LS) CE-Chirp

The NB LS CE-Chirp is a frequency specific ABR stimulus based on non-monotonous
level-dependent and latency variations. NB LS CE-Chirp is precisely timed to account
for cochlear traveling wave delays at central frequencies of 500, 1000, 2000, and 4000
Hz. This timing coupled with the latency reference (0 ms) which results in significantly
shorter ABR latencies for low frequency stimulus (500 and 1000 Hz) compared to those
elicited by tone burst stimulus (Cebulla & Elberling, 2020). In the present study, two
types of acoustic stimuli will be used which are NB LS CE-Chirp and tone burst.
Furthermore, in the previous study, ABR findings using NB LS CE-Chirp produced
larger wave V amplitude and shorter latency than tone burst in adults (Bal et al., 2022)
and no effect of different electrode montages among adults (Dzulkarnain et al., 2018).
From other literature, the present study suggests comparing NB LS CE-Chirp and tone
burst because there is limited literature on ABR findings between NB LS CE-Chirp and

tone burst especially among the infant population.
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2.4 ACQUISITION FACTORS

The acquisition variables are electrode montages, amplification, filters, analysis time,

and signal averaging.

2.4.1 Electrode Montages

The electrode montage placement is the arrangement of ABR recording electrodes that
significantly influences the ABR waveforms. The four electrode montages are
ipsilateral, contralateral, vertical, and horizontal. The frequent montage used in clinical
settings is an ipsilateral montage and is commonly used in paediatrics and adult
populations (Hall, 1992). For ipsilateral montage, the inverting electrode is located on
the earlobes (A1/ A2) or mastoid areas (M 1/ M2), the non-inverting electrode is located
at the midline of the head either on the vertex (Cz) or in the centre of the high forehead
(Fz), and the common or ground electrode is positioned on the lower forehead. Previous
literature stated that the placement of the non-inverting electrode on the vertex (Cz)
elicited a larger amplitude of waves V in adults; however, the placement of the non-
inverting electrode on Fz elicited a larger amplitude of waves IIl and V (Starr & Squires,
1982). Moreover, the skin preparation for non-inverting electrode placement on Fz is
easier compared to Cz placement, in which the Cz is covered by hair. Electrode
placement at the Cz location may be contraindicated in certain pediatric populations,
including neonates with a soft fontanelle and those with brain injuries. The inverting
electrode near the cochlea can enhance the amplitude of wave I in ABR. This is
attributed to the proximity of the recording electrode to the neural generator of wave I,
which originates from neural activity within the ipsilateral distal portion of the

vestibulocochlear nerve (Durrant, 1977; Dzulkarnain et al., 2017; Ferraro et al., 1986).

Other electrode montages, such as contralateral, vertical, and horizontal
configurations, offer distinct advantages for ABR recordings (Hall et al., 1984; Moller
& Jannetta, 1983b; Aage et al., 1985). Contralateral montage is characterized by
inverting electrodes placed on opposite ear lobes or mastoids typically results in larger
amplitudes of waves II and IV, albeit with longer absolute latencies compared to

ipsilateral recordings (Hughes et al., 1981; Kato et al., 1998). Vertical montage,
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theelectrodes are positioned outside the scalp, such as on the nape of the neck, can
effectively separate waves IV and V (Hall et al., 1984; Hughes et al., 1981). This
enhancement in wave separation is attributed to several factors: 1) improved definition
of wave V, ii) increased stability of wave IV and V in the contralateral montage, leading
to greater waveform reproducibility with a narrower inter-peak latency variability (0.08
ms) compared to ipsilateral recordings (0.3 ms), iii) improved overall recording
reliability: Contralateral recordings generally provide more reliable recordings of waves
I-V. Furthermore, contralateral recordings demonstrate reduced variability within the
ABR waves IV/V complex and exhibit higher reproducibility compared to ipsilateral
recordings (Hall III, 2015; Mizrahi et al., 1983).

In the vertical electrode montage, the non-cephalic electrode, typically
positioned outside the scalp, acts as a relatively inactive electrode, minimizing its
contribution to the recorded auditory brainstem response (ABR) peaks. Consequently,
the observed ABR waveforms primarily originate from the cephalic electrode. This
significant electrical difference between the active cephalic electrode and the relatively
inactive reference electrode results in reduced common mode rejection (CMR) of the
ABR signals. As a result, waves IV and V are more clearly identified and

distinguishable within the recorded waveforms.

In the horizontal electrode montage, the non-inverting electrode is positioned
opposite to the inverting electrodes located on the earlobes or mastoids. This
configuration enhances the distinctiveness of wave 1 because of the parallel
orientationof the horizontal electrode array with the dipole generated by wave III; this
montage typically produces larger amplitudes of waves I and III compared to the
ipsilateral array (Ruth et al., 1982). However, this configuration generally results in
longer latencies for these waves compared to vertical and ipsilateral montages. Waves
IV and V are often used, and exhibit reduced amplitudes in the horizontal montage. This
attenuation is likely attributed to the increased distance between the active electrode at
the mastoid and the neural generators of waves IV and V located in the cephalic regions.
Furthermore, the close proximity and horizontal orientation of the electrodes may
influence the activity of neurons with different orientations, potentially reducing the

contribution to the recorded ABR waveforms (Hall III., 2015).
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2.4.2 Filters

The acoustic stimuli filters function to preserve the slow negative wave components in
the subjects while eliminating any artifacts or muscle activities unrelated to the ABR
recordings. Mathematical parameter analysis with a skimming association window, a
20 Hz filter was identified as the parameter that maximizes ABR detection performance
at thresholds approaching the limit of audibility (Mason et al., 1984). Reducing the high
pass filter (e.g., 30 Hz) cut off frequency enhanced the visibility of wave V (Kumar et
al., 2016). ABR filter used in infants is 30 to 3000 Hz, as recommended by Hall III
(2013) and Sininger et al. (1995); and in other studies, the filter used is 300 to 1500 Hz
(Ormundo et al., 2024; Diao et al., 2022); ABR to click in infants, the filter is between
30 to 1500 Hz whilst ABR filter using tone burst stimulus in infants is between 30 to
3000 Hz. As 30 Hz is a high filter pass, less noise was diminished by at least 30%, and
ABR amplitude was reduced (Reichmuth et al., 2007). On the other hand, ABR filters
in adults are typically set between 100 to 3000 Hz (Mason et al., 1984).

2.4.3 Analysis Time

Analysis time, also known as time window, is the time calculated immediately after
stimulus presentation until the ABR waveforms are elicited (Epoch size) (Eggorment et
al., 1979). Analysis time of 10 to 12 milliseconds (ms) is adequate enough to capture
the ABR waves, especially wave V, as it arises in normal hearing person within 5 to 6
ms at high intensities and around 8 to 9 ms for the intensities near the hearing threshold
(Hall, 1992). The illustration of ABR waveform (Epoch size) with multiple intensities
range with various latencies is shown in Figure 2.2. The ABR window analysis time for
tone burst is suggested to be longer as it may include the temporal spectrum of the
stimulus, and the wave V may be presence a bit later, especially for low frequency
stimulus (Lewis et al., 2015; Gorga et al., 2006). Therefore, the time window for tone
burst is typically set between 15-25 ms. For stimulus elicited from NB LS CE-Chirp,
most of the manufacturers temporally adjusted the onset of the response in accordance
with the broadband LS CE Chirp (Elberling & Don, 2008; Spiedel et al., 2016). Because

of that, a standard time window as per broadband stimulus can be employed.
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The epoch duration in ABR recordings can vary depending on the stimulus type,
specifically between tone bursts, NB LS CE-chirp, and clicks. This variation is primarily
due to the different temporal characteristics of these stimuli and the resulting neural
responses. Tone burst has a longer epoch, and slower onset compared to click. This
results in a longer neural response requiring a longer epoch to capture the complete ABR
waveform. LS CE-chirps have a longer duration than clicks but a shorter duration than
tone bursts (Bal et al., 2022). This results in an intermediate epoch length, capturing the
neural response to the chirp stimulus. By understanding the factors that influence epoch
duration in ABR recordings, clinicians can optimize the recording parameters to obtain

high quality data and accurately assess auditory function.

Intensity [dB]
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Figure 2.2 ABR waveform with multiple intensities range with various latency
https://www.researchgate.net/profile/Syed-Habib 6/publication/ 354950
448/figure/figd/AS:1076707423465476(@1633718462458/Figure-4-Normal-auditory-
brain- stem-response-ABR-waves-recorded-at-80-60-40-and-20.png
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2.4.4 Signal Averaging

Signal averaging is a procedure to distinguish accurate electrophysiological responses
from noise. In other words, a process to lessen noise and boost the acoustic signal
(Hassan & Anwar, 2010). The usage of ABR signal averaging is to excerpt meaningful
acoustic signals in background noise. ABR presentations of signal and noise bands
always overlap (Leski, 2014). Cross and autocorrelation functions (Bershad &
Rockmore, 1974), Fourier transformation, baseline correction, pink noise, Gaussian
noise, and Bayesian interference are the examples of signal averaging process. The
latest technology, signal averaging was recommended to improve the estimation of
ABR signals. A novel Bayesian approach is a new method to estimate ABRs from non-
stationary electrophysiological data. This method downweighs noisy recording
segments to improve ABR estimation accuracy (Elberling & Wahlgreen, 1985).
Bayesian averaging with block weighing improves SNR better than artifact rejection.
Previous study showed 8-block of 2000 sweep significantly improved detection in 30%
of cases (Elberling et al., 1994). These improvements resulted in a substantial reduction
(approximately 50%) in the variance of parameter estimates (e.g., latency and

amplitude) (Elberling et al., 1994).

2.5 ABR RECORDINGS USING NARROW BAND LEVEL SPECIFIC (NB LS)
CE-CHIRP

Anatomically, the cochlea is a tonotopical structure starting with the basal part in which
the high frequencies are perceived and then low frequencies are perceived at the apical
end, as shown in Figure 2.3 (Sasmal et al., 2019). As the high frequency at the basilar
membrane of the cochlear first, the NB LS CE-Chirp was developed to overcome the
other chirps by the low frequency was designed to be five milliseconds (5 ms) earlier
than the high frequencies (Hall III, 2013). As a result, all cochlear regions are
concurrently depolarized by chirp stimulus, which results in a higher amplitude of ABR
waves (Megha et al., 2019). The decrement in ABR testing time elicited via NB CE-
Chirp stimulus because the onset time positioning of separate frequency fundamental in
the stimulus to its place of upward spread of excitation along the basilar membrane

(Megha et al., 2019). As mentioned in subsection 2.3.2.3.6, NB LS CE-Chirp is a
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frequency-specific stimulus.

In the previous study, it is proven that the ABR to CE-Chirp is up to 1.5 to 2.0
times greater in amplitude recording than the corresponding ABR to click in normal
hearing subjects (Elberling & Don, 2008; El-Mously et al., 2020); larger amplitude
produced by BBN CE-Chirp is to allow lesser ABR acquisition time compared to tone
burst among infants (Mubhler et al., 2013). Rodrigues et al. (2013) studied the fact that
ABR to NB CE-Chirp elicits shorter latency and higher amplitude of wave V compared
to tone burst in young infants. There are limited studies on ABR to NB LS CE-Chirp
and limited literature on comparison between NB LS CE-Chirp and tone burst in infants.

Therefore, the present study is conducted to explore the benefits of NB LS CE-Chirp in

infants.
Apex — Characteristic Anterior
Cochlea
Cochlear duct ' Texpensy
Hair cells ‘
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Figure 2.3 Tonotopical structure of basilar membrane and cochlear nucleus (Lee et al.,
2013).

2.6 ABR ANALYSIS

2.6.1 Visual Detection

Visual detection is an initial method for ABR detection, crucial for ABR waveform
identification, and the quality of the ABR peaks. This detection was found to be more
sensitive to detect ABR presence (Arnold, 1985). This ABR analysis using visual
observation is based on human judgement (i.e., clinical audiologist). The audiologist is

required to identify the ABR waveform manually (i.e., amplitude and latency of waves
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peak I, III, and V) based on ABR guidelines according to the norms, replication, and
consistency of the ABR waveform. Subject factors like age, hearing status, and medical
history can influence ABR waveforms and the interpretation of Fsp and Fmp (Arnold,
1985). Advanced techniques like peak picking algorithms and waveform recognition
can help improve the accuracy of Fsp and Fmp measurements especially in noisy or
ambiguous waveforms. By cautiously considering these notes and following best
practices, clinicians can make accurate and reliable interpretations of ABR waveform

leading to better diagnosis and management of auditory disorders (BSA, 2019).

Most ABR sessions used visual detection technique as it is easier to do in clinical
settings, especially in normal hearing cases. However, in the cases of hearing loss
patients, poor ABR findings and junior audiologists; this technique is grim for clinical
application (Weber, 1983). The visual detection technique has a few advantages that
need 1) elongated time for theaudiologist to confirm the ABR waveform, i1) audiologists
feel demotivated especially in poor ABR recordings and error in ABR interpretation,
ii1) tester bias (i.e., the audiologist well versed in the history or condition of the patients)

(Weber, 1983; Jacobson, 1985). Thus, Fmp is used to supplement the ABR findings.

According to BSA (2018), visual detection by an audiologist is the main methods
to accept or rejecting an ABR results. When objective measurements are available, these
can be an additional valuable information in facilitating the interpretation with
confidence and in deciding when to stop averaging. Replication of waveforms
contributing to the reported result is essential if a correct visual interpretation is to be
made. Replication is not needed at other stimulus levels. For example, if the first
stimulus level is 40 dBnHL and a flat trace is obtained, then the best use of time may
not be to replicate until a response is observed at higher stimulus levels and it is clear
which levels need to be replicated to determine the threshold. ABR threshold has been
defined in the NHSP early assessment guidelines as the lowest level at which a clear
response (CR) is present, with a response absent (RA) recording at a level 5 or 10dB
below the threshold, obtained under good recording conditions. Hence, the current study

focused to investigate the objective analysis (i.e., Fmp).
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2.6.2 Objective Algorithm F Multiple Point Test (Fmp)

Objective measurement is aimed to facilitate the subjective measurement (i.e., visual
detection), further delicate technique of ABR detection than visual detection, and abrupt
findings of the ABR for the audiologists in clinical practice. The objective technique
uses the averaged evoked potentials to assess auditory function. Objective technique is
unlike the conventional audiometric tests. However, in most clinical applications,
evoked potential methods require a human observer to interpret visually the averaged

recordings.

Objective measurement for assessing ABR quality include the Fsp (Elberling &
Don, 1984) and Fmp (Martin et al., 1994) indices, both of which compare the variance
of the averaged signal to the estimated noise variance (BSA, 2019). There are numerous
stopping criteria for ABR recording, such as 1) F= statistical analysis, single point test
(Fsp), i1) F= statistical analysis, multiple point test (Fmp), and iii) residual noise.

However, in the present study, the Fmp stopping criteria will be used.

Fmp is a statistical analysis of multiple points of ABR recording (i.e., ABR
signal and noise) based on statistical confidence of the repeated detection of a response
(Lv et al., 2007). The Fmp is an objective and consistent response. Fmp is measured
with 5 points/sweep for noise estimation (Elberling & Don, 1984). For instance, Fmp
which is equal to 3.1, indicates 99% confidence that the ABR is present above the noise
floor. The Fmp of 3.1 is considered a conservative SNR estimation stopping criterion
and the ratio can be adjusted to a 95% or 90% confidence level with a less conservative
SNR estimation (Elberling & Don, 1987). Automated detection of response criterion
(i.e., Fmp> 3.1) with 800 sweeps and tester-judgemental response by qualified
audiologists are among the criteria that are used for ABR waveforms presence or absent
confirmation (Interacoustics, 2010). Previous literature concludes that Fmp values and
amplitudes of ABR recordings using chirp are larger than tone burst (Ferm et al., 2015).
In addition, Fmp is linked with the ABR findings, which are 1.8 to 3.0 times higher in
NB chirp stimulus than tone burst stimulus due to the larger amplitude elicited
(Sininger, 2016). Thus, the present study will be focused on the ABR recordings that
apply the Fmp stopping criterion.
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British Society of Audiology (2019) recommended using Fmp indices to confirm
a SNR of at least 3:1 for a ‘clear response’ determination. However, the determination
of other "clear response" characteristics, including ABR morphology and waveform
reproducibility, still requires visual analysis. Furthermore, the absence of a response
cannot be confirmed solely using Fmp, necessitating continued reliance on visual
analysis. A primary benefit of objective methods over visual detection lies in the
superior reliability. Unlike human judgement, which is susceptible to inter-rater

variability, objective methods provide consistent results.

The ABR with a maximum amplitude of 0.5 pV is often obscured by background
noise fluctuations of +15 uV or more. Consequently, the SNR of ABR within the
continuous EEG is extremely low, ranging from approximately -35 to -23 dB,
depending on stimulus intensity (Chesnaye et al., 2018). Clinical ABR detection
primarily relies on visual interpretation (Vidler & Parker, 2004; BSA, 2019c).
Clinicians typically assess pairs or single averaged waveforms across a stimulus level
range. Reproducibility of latency, amplitude, and morphology are from the waveform

and then analyzed to estimate individual ABR thresholds (BSA, 2019¢).

In addition, it is assumed that the repeated ABR run with the same constant
number of sweeps has an output signal-to-noise ratio (SNR) sufficiently similar to the
first run to permit the comparison in ABR to the common assumption that the ABR is a
deterministic signal. The judgement by the observer of either waveform imitations have
been sufficiently elicit independent plotting variabilities. The Fmp metric estimates the
variance of EEG background noise by averaging multiple single-sweep variances,
calculated as the variance of individual data columns within the dataset. The Fmp is

computed according to the formula presented by Martin et al. (1994):
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2.7 EFFECTS OF INTENSITY LEVELS ON THE ABR RECORDINGS

The different stimulus intensity levels can affect the ABR recordings in several ways
including; i. reducing the intensity of the stimulus which can reduce the amplitude of
the waves, ii. increase the absolute latencies, and 1iii. the threshold estimation is
determined by the stimulus intensity at which the ABR is no longer present. As the
stimulus intensity decreases, it can become difficult to detect waves. For example, wave
I'may become undetectable at lower intensities. There are several factors affecting ABR
recordings such as age, intensity, and frequency. According to Bargen (2015), chirp
stimulus levels of 10 to 40 dB SL produce higher wave V amplitude than 50 dB SL and
above. In addition, short duration chirp at low intensity levels produces higher
amplitude and shorter latency (Zirn et al., 2014). NB LS CE-Chirp stimulus is intended
to compensate for temporal distribution in the cochlea and to astound the cochlea
travelling wave delay (Elberling & Don, 2008). Additionally, NB CE-Chirp at lower
stimulation levels (i. e., 20 and 40 dBnHL) elicited larger amplitude compared to tone

burst in young infants (Rodrigues et al., 2013).

ABR to tone burst at higher intensity levels elicits various ABR waves
throughout the multiple frequencies (see Section 2.6.1). This condition is due to the
action potential, larger tuning curve of the auditory nerve, and spatial extension beyond
two octaves along the cochlea, shifting the basal of the cochlea for the low frequency
region to the apical end of the cochlea for the high frequency region (Ota et al., 2020).

Physiologically, cochlea travelling wave theory is the cochlea response towards ABR

38



stimulus comprised of a dispersion wave which spreads along the basilar membrane
from the basal part to the apical end (Junius & Dau, 2005). At present, there is limited
study on NB LS CE-Chirp with different intensity levels, specifically in infants. Hence,
the present study aims to discover the influence of different intensity levels in ABR

findings using NB LS CE-Chirp and tone burst in the infant population.

2.8 ABR IN NEWBORNS

Accurate audiological diagnosis permits early intervention by the first 3 months of life
(Kenna, 2003). Because of that, ABR is used for NHS program and estimation of
hearing loss (Paludetti et al., 2012). Hearing loss in newborns is usually caused by
congenital factors, i.e., hyperbilirubinemia requiring exchange transfusion, craniofacial
anomalies, syndromes associated with hearing loss, and so on; see Appendix O (JCIH,
2019). The two important measurements in ABR results which are amplitude and
latency are age-dependent (Konrad-Martin et al., 2012). The ABR amplitude
significantly increases with age due to the maturation of the brainstem, mainly on
synchronization of synaptic transmission, myelination density of the auditory pathway,
and conduction velocity of axonal parts (Cebulla et al., 2014). The synaptic transmission
duration which determines the latency of the ABR continues to shorten until the age of
3 years old (Moore et al., 1996). In addition, the myelination density increases in the
auditory pathway and moves rapidly in neural conduction velocity of the auditory
pathway until the age of 1 year old (Moller & Jannetta, 1983). Hence, this situation
leads to decrease in latencies of wave II to V in infants between birth and the age of

three.

39



CHAPTER THREE

PROBLEM STATEMENT, RESEARCH OBJECTIVES, AND
HYPOTHESES

3.1 INTRODUCTION

This chapter deliberates the problem statement of the thesis based on the current issues
in audiology and the research gaps found in the literature. The latter part of this chapter

discusses general objectives, specific objectives, and hypotheses of the current study.

3.2 PROBLEM STATEMENT

This thesis identified several problems that require the present study to address them

accordingly. In general, this research is undertaken because of the following reasons:

3.2.1 Issues with the ABR test time

1.  Conventional ABR stimuli are time-consuming (Cone & Norrix, 2015;
Dzulkarnain et al., 2023; Hall III, 2013) and this has led to limited
appointments being offered to patients in audiology clinics. The ABR
elicited from click stimulus takes about 45 to 60 minutes to complete (Ness,
2009), whereas the ABR to NB LS CE-Chirp acquisition time in adults takes
14.57 £ 3.83 minutes, and for ABR tone burst takes approximately 28.2 +
4.5 minutes (Ceylan et al., 2020). The improvement of test time given by
NB LS CE-Chirp in adults indicates the same time efficacy of ABR to NB
LS CE-Chirp could possibly be obtained in infants for the betterment and
efficiency of audiology clinical sessions. Therefore, there is a need to further
investigate the use of ABR elicited by NB LS CE-Chirp stimulus in infants.

2. Moreover, the lengthy waiting list can be up to six months and in the worst
case scenario, it will be up to 1 year old if postponed. These conditions may
lead to late detection of hearing impairment among infants, postponement

of hearing intervention and developmental consequences. The impact of late
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diagnosis of hearing impairment in infants is different from that in adults,
as newborns have yet to acquire speech and language. Late hearing
diagnosis in infants can lead to significant delays in speech development,
besides existing with illnesses in psychological behaviour, which can have
a huge impact on the child's social, quality of life and academic skills
(Wroblewska-Seniuk et al., 2017; Pathak & Deshpande, 2021). Therefore,
there is an urgency to conduct ABR in infants who fail the NHS program at
birth. It is essential to study ABR to NB LS CE- Chirp usage as it is
frequency specific ABR that can provide complete hearing threshold
information to estimate the behavioural audiogram. Given the potential of
ABR to NB LS CE-Chirp to reduce the testing time and provide
comprehensive audiological threshold information, it may indirectly reduce

the long waiting list in audiology clinics around the world.

3.2.2 Limited studies investigating the ABR to NB LS CE- Chirp in Infants

As highlighted in section 2.3.2.3.1, ABR elicited from click stimulus prone to the effect
from phase dispersion due to its rapid onset with poor frequency specificity to estimate
comprehensive hearing threshold level. In contrast, the ABR to tone burst has better
frequency specificity than ABR to click stimulus however the waveforms morphology
is poorer due to the limited contributions of the ABR fast components and subsequently
might interfere with the detection of ABR waves. Tone burst does not have robust ABR
waveform, especially at low and middle frequencies, due to the phase dispersion (Peteo
et al., 2009; Gorga et al., 2006). Previous studies on ABR to NB LS CE-Chirp were
mostly conducted in adult population with the attention centered towards understanding
the effects of different stimulus polarities (Klaassen et al., 2016) and different electrode
montages (Dzulkarnain et al., 2018) see Section 2.4.1. Most of the studies in infants
using broadband level specific CE-Chirp (Kaynakoglu & Ceyhan, 2023; Chahed et al.,
2023; da Silva Ormundo & Lewis, 2021).

Whilst the results of the ABR elicited by NB LS CE Chirp are promising in the
adult population, to our knowledge, there is still a lack of studies investigating the ABR
to NB LS CE-Chirp among infants and comparing it with tone burst to date. Previous
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studies were from an adult population that NB LS CE-Chirp elicited larger amplitude
than tone burst (Dzulakrnain et al., 2018) and NB CE-Chirp produced larger amplitude
than tone burst in paediatric population (Talaat et al., 2020). Moreover, Talaat et al.
(2020) found that ABR to NB CE-Chirp has a higher correlation with pure tone
audiometry (PTA) threshold than the PTA threshold versus ABR to tone burst. Hence,
the findings are incomparable to the infant population. The brain structures of adults
and infants are different and brain maturation of infants usually occurs up to two years
of age, see Section 2.3.2.1.1 (Holland et al., 1985; Hayakawa et al., 1989; Khan et al.,
2024). In the course of understanding NB LS CE-Chirp usage in infants, a study to

systematically investigate this niche is extremely crucial.

3.3 RESEARCH OBJECTIVES

The objectives of this study are as follows:

3.3.1 General objective

To investigate the use of ABR elicited from NB LS CE-Chirp stimulus in the infant

population.

3.3.2 Specific objectives

1. To compare the ABR amplitude (waves I, III, and V) in infants between NB
LS CE-Chirp and tone burst using frequency specific of 500, 1000, and 4000
Hz at 70 and 40 dBnHL.

2. To compare the ABR latency (waves I, III, and V) in infants between NB
LS CE-Chirp and tone burst using frequency specific of 500, 1000, and 4000
Hz at 70 and 40 dBnHL.

3. To compare ABR threshold estimations between NB LS CE-Chirp and tone
burst in infants using frequency specific of 500, 1000, and 4000 Hz.

4. To compare the ABR acquisition time in infants via NB LS CE-Chirp and
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tone burst at frequency specific of 500, 1000, and 4000 Hz using two stopping
criteria (visual detection and Fmp < 3.1) at 70 and 40 dBnHL.

3.4 RESEARCH HYPOTHESES

1.  ABR to NB LS CE-Chirp elicits larger amplitude (waves I, III, and V) in
infants compared to ABR to tone burst using frequencies of 500, 1000, and
4000 Hz at 70 and 40 dBnHL.

2. ABR to NB LS CE-Chirp produces shorter latency (waves I, III, and V) in
infants compared to ABR to tone burst using frequencies of 500, 1000, and
4000 Hz at 70 and 40 dBnHL.

3. ABRto NB LS CE-Chirp using frequencies specific to 500, 1000, and 4000
Hz yield lower ABR hearing threshold estimations in infants compared to
ABR to tone burst.

4. ABR to NB LS CE-Chirp using frequencies specific to 500, 1000, and 4000
Hz has lesser acquisition time in infants using Fmp < 3.1 compared with

ABR to tone burst using visual detection.

3.5 SUMMARY

This chapter has described the limitations of ABR in terms of time-consuming
procedures that lead to restrictions for ABR patients daily. This situation made it is
difficult to identify infants with hearing loss younger than three months old due to the
extensive hours of ABR assessment and ABR appointments waiting list. Besides the
clinical issues, there is lacking ABR to NB LS CE-Chirp literature, especially in the
infant population, in terms of time efficacy and results accuracy. These limitations
motivate the development of the current study and lead to the research objectives and

hypotheses.
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Table 3.1 Research Questions, Research Objectives and Hypotheses

RESEARCH QUESTIONS

RESEARCH OBJECTIVES

HYPOTHESES

i. Does ABR in infants using NB LS CE-Chirp
elicit larger amplitude (wave L, III, and V) than tone
burst using frequencies specific to 500, 1000,

and 4000 Hz at 70 and 40 dBnHL?

i. To compare the ABR amplitude (wave I, III,
and V) in infants between NB LS CE-Chirp and
tone burst using frequency specific of 500, 1000,
and 4000 Hz at 70 and 40 dBnHL.

i. ABR to NB LS CE-Chirp elicits larger amplitude
(wave I, III, and V) in infants compared to ABR to|
tone burst using frequencies of 500, 1000, and 4000
Hz at 70 and 40 dBnHL.

ii. Does ABR in infants using NB LS CE-Chirp
elicit shorter latency (wave I, III, and V) than tone
burst using frequencies specific of 500, 1000, and
4000 Hz at 70 and 40 dBnHL?

ii. To compare the ABR absolute latency (wave I,
111, and V) in infants between NB LS CE-Chirp
and tone burst using frequency specific of 500,

1000, and 4000 Hz at 70and 40 dBnHL.

ii. ABR to NB LS CE-Chirp elicits shorter latency|
(wave I, III, and V) in infants compared to ABR to
tone burst using frequencies of 500, 1000, and 4000

Hz at 70 and 40 dBnHL.

iii. Does ABR to NB LS CE-Chirp produces lower|
IABRs threshold compared to tone burst af
frequencies specific of 500, 1000, and 4000 Hz?

iii.To compare ABR thresholds between NB LS
CE-Chirp and tone burst in infants using
frequency specific of 500, 1000, and 4000 Hz.

iii. ABR to NB LS CE-Chirp using frequencies
specific of 500, 1000, and 4000 Hz yield lower ABR|
lhearing threshold estimations in infants compared to

IABR to tone burst.

iv. Does ABR via NB LS CE-Chirp in infants using
Fmp <3.1 for frequency specific of 500, 1000, and
4000 Hz require lesser acquisition time compared|

to ABR to tone burst using visual detection?

iv. To compare the ABR acquisition time in|
infants via NB LS CE-Chirp and tone burst af]
frequency specific of 500, 1000, and 4000 Hz
using two stopping criteria (visual detection and

Fmp <3.1) at 70 and 40 dBnHL.

iv. ABR to NB LS CE-Chirp using frequencies
specific to 500, 1000, and 4000 Hz has lesser
acquisition time in infants using Fmp < 3.1 compared
with ABR to tone burst using visual

detection.




CHAPTER FOUR

EXPERIMENT ONE: THE EFFECTS OF STIMULUS TYPES ON
ABR AMPLITUDE, LATENCY, AND HEARING THRESHOLD
ESTIMATION

4.1 INTRODUCTION

This chapter provides the materials and methodology used in this study. This chapter begins
with study design, instrumentations, data collection procedure, data analysis, and
discussion. This chapter will cover the first three objectives. The objective of the study has

been highlighted in chapter three and as follows:

1.  Tocompare the ABR amplitude (waves I, III, and V) in infants between NB LS
CE-Chirp and tone burst of 500, 1000, and 4000 Hz at 70 and 40 dBnHL.

2. To compare the ABR latencies (waves I, III, and V) in infants between NB LS
CE-Chirp and tone burst using frequency specific of 500, 1000, and 4000 Hz
at 70 and 40 dBnHL.

3.  To compare the ABR thresholds estimations between NB LS CE-Chirp and
tone burst in infants using frequency specific of 500, 1000, and 4000 Hz.

4.2 MATERIALS AND METHODOLOGY
4.2.1 Study Design and sampling

A repeated measure study design was used in the current study. The current study identified
the cause and effect of the independent variable (i.e., stimulus types) towards dependent
variables (i.e., ABR amplitude, absolute latency, and hearing threshold estimation) (Thyer,
2012). In the current study, the convenience sampling technique was used to recruit a total
of 50 ears of infants who passed the hearing screening. This sampling is used because the

subject recruitment is based on the availability of the infants in the targeted location and
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meets the inclusion criteria for participation in this study.

4.2.2 Ethical Clearance

This study was conducted after approval from the Kulliyyah Postgraduate and Research
Committee (KPGRC) (see Appendix I), IUM Research Ethics Committee [IREC 2023-
065] (see Appendix J), Medical Research and Ethics (MREC), National Medical Research
Registration [(NMRR) ID-23-01821-J12 (IIR)] (see Appendix K), and Sultan Ahmad Shah
Medical Centre (SASMEC) approval from Department of Ear, Nose, and Throat (ENT)
and Department of Obstetrics and Gynaecology (O & G) (see Appendix L). For data
collection, parent or caretakers consent was obtained via phone calls and an appointment
date was prearranged for the parents. Written consent form with the particulars of the study
was obtained from the subjects’ parents or caretakers before the assessments were
conducted (see Appendix A until D). For data collection, the demographic data form,

audiological report form, and consent form are in Appendix E to H.

4.2.3 Study Location

This study was conducted in a sound-treated room at [IUM Hearing and Speech Clinic,
Jalan Hospital Campus, Kuantan, Pahang. Figure 4.1 illustrates the experimental setup of
the study. The room that has been specifically designed for the evaluation of auditory
electrophysiology (AEP) with electrical protection, follows the standards outlined by the
American National Standards Institute (ANSI) (ANSI S3.1-1999 and ANSI S3.6-2004).
The reference levels for 0 dBnHL for tone burst and narrow band chirp are shown in Table

4.1 based on the ISO 389-6 (2007) and recommended by (BSA, 2019).
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Figure 4.1 ABR clinical setting layout in [IUM Hearing and Speech Clinic.

Table 4.1 ABR Reference Levels for Stimulus Calibration (BSA, 2019)

ABR Reference Level for Stimulus Calibration

IAC RETSPL dBppeSPL for insert earphones Tone Burst Narrow Band Chirps
500 | 1000 | 4000 | 500 | 1000 | 4000

ER-3A/IEC 60318-4 (IEC 60711) Occluded ear simulator | 23.5 | 21.5 325 | 255 | 245 35.0
ER-3A/IEC 60318-5 (IEC 60711)2cc coupler, HA-2 19.5 16.0 | 23.0 | 225 | 185 | 25.0

4.2.4 Study Population

A total of 50 normal hearing ears (27 females, 23 males) were recruited from the low-risk
ward, Obstetrics & Gynecology (O & G) Department, SASMEC IIUM, Kuantan, Pahang.
The ABR data collection was conducted over a period of nine months, from July 2023 to
April 2024. The age range of the subjects is from birth to less than six months with a mean

age of 2.55 months (SD = 0.83).
Fifty normal hearing ears who passed the DPOAE/ AABR hearing screening were

done by SASMEC audiologists or nurses. The normal hearing sensitivity was defined as

athreshold <35 dB HL from 500 to 4000 Hz. The ABR results from the left and right were
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round to be not statistically significantly different. Therefore, the results of the right and

left ear were pooled and averaged (p > 0.05). The summary of the demographic data is
shown in Table 4.1.

Table 4.2 Demographic data

Variables n Mean SD

Age (months) 50 2.55 0.83
Gender Male 27
Female 23

4.2.4.1 Inclusion Criteria

To be part of this study, the participants need to be:

1. Months of age and below; before the diagnosis age of 6 months old to follow a
recommendation by JCIH (EHDI, 2007).

2. Clear external auditory canal and intact tympanic membrane (TM) via
otoscopic examination.

3.  Type A tympanogram suggesting normal middle ear function using high
frequency tympanometry.

4. “PASS” hearing screening either using distortion products otoacoustic
emissions (DPOAE) or automated auditory brainstem response (AABR) test at
35 dBnHL bilaterally.

4.2.4.2 Exclusion Criteria

The study participants with the following criteria, were excluded from the study:

1. Subjects with otological or middle ear problems or upper respiratory tract
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infection (URTI) symptoms two weeks prior appointment day.
2. Subjects with high risk factors of hearing loss, according to JCIH (2019), as per
Appendix O.

4.2.5 Instrumentation

The instruments used in this study are as follows:

1.  Welch Allyn Otoscope is a clinical procedure that visualizes the structures of
the ear, including the external auditory canal and tympanic membrane. This
otoscope consists of magnifying lenses and light to evaluate ear anatomical
structures' visibility.

2. GSI33 Tympanometry is an acoustic immittance test to evaluate the mobility of
the tympanic membrane and the middle ear health status. This test runs by small
probe tip insertion into the ear, the middle ear function is reflected back, and
picked up by the equipment.

3. Interacoustics Titan Automated Auditory Brainstem Response (AABR) is a
hearing screening tool that assesses the entire auditory pathway up to the
brainstem. This test runs by small earphones inserted into the ear and it elicits
acoustic stimulus which is CE- Chirp at 35 dBnHL. As a screening tool, AABR
detects either “PASS” or “REFER” from the intact response of the auditory
pathway up to brainstem response.

4. A laptop with Interacoustics Eclipse EP25 ABR analyzing software system is
located in the AEP sound-treated room and the stimulus is given via ER-3A
(Etymotic Research) insert earphones. This study used NB LS CE-Chirp
stimulus and tone burst stimulus. The specific frequencies chosen are 500,
1000, and 4000 Hz as these frequencies represent low, middle and high
frequencies regions. Multiple intensity levels of 70 and 40 dBnHL were used

in this study.
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4.2.5.1 Informed Consent

On the scheduled appointment date, verbal and written consent from (see Appendix C and

D) the subjects’ parents or caretaker was obtained before the preliminary audiological

routine assessment and the ABR assessment were conducted. The purpose of the study,

procedures, risks and benefits, confidentiality, and anonymity were informed to the parents

(see Appendix C and D). Parents were allowed to ask questions only before or after the

session without interrupting the study session. The inclusion criteria of the subjects as

described in Section 4.2.4.1. Participation in this study was on a voluntary basis and parents

can withdraw from volunteering and be advised to inform the researcher at least three days

before the scheduled appointment date, and any data and information gained will be

permanently destroyed, see Appendix C and D.

4.2.5.2 Demographic Data Form

The demographic data form consists of the infant demographic data, prenatal, and postnatal

history, and preliminary audiological routine tests results. During the history taking session,

the researcher filled out the form. The form is in Appendix E and F.

4.2.6 Data Collection Procedure

Pilot study:
Phasel

(ABR on 5 adults for
ABR parameter
selection)

~

N

Pilot study:
Phase 11

(ABR on 3 infants to study
the time allocation needed for
each ABR study session)

J

Figure 4.2 The study phases.
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The study has three phases, as summarized in Figure 4.2. The first phase was a pilot study:
phase I and II, and the main data collection and data analysis. The ethical clearance was

obtained from ITUM and SASMEC for the data collection, see 4.2.2.

4.2.6.1 Pilot Study: Phase 1

The pilot study: phase I was conducted in order for the researcher manipulated a few ABR
test parameters on five adults. The stimulus frequencies used during this stage were 500,
1000, 2000, and 4000 Hz. The initial three intensity levels used were 70, 50, and 30 dBnHL.
To control the test time for infant testing, only 70 dBnHL, 40 dBnHL, and hearing threshold
estimations were included. The stimulus rate used was set to 33.3 clicks per second (cps).
The aim of this phase 1 is to finalize the ABR parameter to be used in the study. Based on

these five case studies, the ABR recordings was obtained using the parameter in Table 4.2.

4.2.6.2 Pilot Study: Phase Il

The pilot study: phase II was conducted to study the ABR parameters selected from the
pilot study: Phase I and to estimate the time allocation needed for each ABR study session.
In this phase, there were three infants involved. Three frequencies of 500, 1000, and 4000
Hz with 70, 40 dBnHL and hearing threshold estimations were selected to control the test
time. In addition, to avoid lethargy from the subjects in completing the ABR assessment
for both ears, the time allocation for data collection of the main study was set not to exceed
two hours for each ABR session. Based on these three subjects from the pilot study, the
ABR obtained using the parameter in Table 4.2 is the best and able to produce reliable and
consistent findings (NHSP, 2013; Rouillon et al., 2016). Thus, the ABR parameter used in

the pilot study: phase II was feasible to be used in the main study data collection.
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4.2.6.3 Main Study

The main study was divided into two parts: preliminary audiological routine testing and

main data collection. First, the preliminary audiological routine testing was conducted prior

the main study to rule out any subjects that unmeet the inclusion criteria for this study.

Second, the main data collection is the ABR research study.

4.2.6.3.1 Preliminary audiological routine testing

1.

1il.

1v.

The preliminary audiological routine tests were conducted on the same ABR
research study appointment date.

History taking was obtained using a pediatric patient history form.

An otoscopic examination was done to check the external auditory canal and
tympanic membrane condition.

High frequency tympanometry test was used to measure middle ear function.
A probe tip was inserted to get the best seal and consistent tympanometry result.
This test took less than 1 minute to complete for each ear, and the result is shown
in the tympanogram graph. The results showed ear canal volume, static
compliance, and middle ear pressure values. In this study, the normative range
for the paediatric population use is the ear canal volume is between 0.3 ml to 0.9
ml, static compliance is from 0.25 mlm to 1.05 ml, and the middle ear pressure
is from -100 daPa to +50 daPa. The values within the normative range was
considered Type A suggesting normal middle ear function.

DPOAE or AABR assessment was conducted to screen the normal hearing
subjects as a part of the inclusion criteria mentioned in Section 4.2.4.1. For
DPOAE, a probe tip of DPOAE was inserted into the ear. Meanwhile, for
AABR, an integrated headphone that delivers acoustic stimulus to the ear of the
infants which is a single- sided headphone that put on the infant’s ear, forehead,
and mastoid, respectively. Both the DPOAE and AABR recording was

recorded automatically.
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4.2.6.3.2 Main data collection of ABR research study

In this study, ABR measurements were conducted using the Interacoustics Eclipse EP25
system. ABR assessment was performed in a sound-treated room; the lights were dimmed.
Subjects need to be in a relaxed state and, if possible, sleep on the bed or on the caretaker’s
lap during the recording session to reduce muscle or movement artifact. Subjects were
under natural sleep without sedation. The parameter of the main study is described and
outlined in section 4.2.6.3. Moreover, the total time to complete this main study for each
subject was about 1.5 to 2 hours. The ABR parameters used in this study were based on the
stimulus and acquisition factors. The details of the ABR parameters are described below,

and the summary is in Table 4.2.

4.2.6.3.3 Stimulus Factors

Stimulus factors included in the ABR parameters are types, frequency, intensity, and

polarity. These stimulus factors of ABR were employed in the current study.

a. Stimulus Types

The stimulus used in this study were tone burst and NB LS CE-Chirp. The tone burst and
NB LS CE-Chirp were used as a part of the study objectives one, two, and three based on

the literature review, see subsections 2.3.2.3.

b. Stimulus Frequency

In this study, the ABR was obtained at 500, 1000, and 4000 Hz using NB LS CE-Chirp and
tone burst. The stimulus frequencies were chosen as a part of the study objectives one, two,
and three using the stimulus frequencies of 500, 1000, and 4000 Hz, represent low, middle,
and high-frequency parts, respectively.
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c. Stimulus Polarity

In this study, the Eclipse 25 ABR system was used and it provides 3 types of polarity which
are condensation, rarefaction, and alternating. However, in this study, alternating polarity
was chosen because the system enables separate visualization of positive and negative

polarity waveforms; further explanation of polarity was discussed in subsection 2.3.2.2.3.

d. Stimulus intensity

The threshold seeking steps for each frequency were using Randomization software for
randomization of step selection. First, NB LS CE-Chirp or tone burst stimulus was given
on the right or left ear through insert earphones starting either at 500, 1000, or 4000 Hz
with 70 and 40 dBnHL. The researcher will insert 6 combination possibilities of stimulus
types and frequency based on three frequencies (500 Hz, 1000 Hz, and 4000 Hz) and two
ABR stimuli (NB LS CE-Chirp and tone burst) in the software. The Randomisation
software will automatically list the 6 combinations of stimulus types and frequencies; see
Table 4.3. For instance, presentation level starting with 500 Hz NB LS CE-Chirp at 70 dB,
40 dB and threshold level, and secondly, proceed with 500 Hz tone burst at 70 dB, 40 dB
and threshold level. Third, 1000 Hz tone burst at 70 dB, 40 dB and threshold level, and
forth, using 1000 Hz NB LS CE-Chirp at at 70 dB, 40 dB and threshold level. Fifth step,
4000 Hz tone burst at 70 dB, 40 dB and threshold level, and then, 4000 Hz NB LS CE-
Chirp at 70 dB, 40 dB and threshold level. The example of the lists are as in Table 4.3.

Next, for the threshold seeking step, stimulus presentation technique used were 10
dB down and 5 dB up method until reproducible waveforms were obtained to estimate the
threshold of each subject. The test was conducted to obtain the ABR threshold where the
test was done at 10 dB below the last ABR which was identified at the level at which wave
V was not reproducible. After completing seeking one true threshold of NB LS CE-Chirp
or tone burst at any frequency and in either ear, the threshold of other frequencies was
employed. The same parameters were repeated with randomization steps to avoid any bias

and fatigue to the ears. The summarization of the ABR parameters used in this study is
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shown in Table 4.3.

Table 4.3 Example lists of randomization steps using Randomization

INo. |List 1 IList 2 IList 3 List 4
1. 500 Hz NB LS CE-Chirp|1000 Hz tone burst 4000 Hz NB LS CE-Chirp500 Hz tone burst
2. 500 Hz tone burst 500 Hz NB LS CE-Chirp {1000 Hz tone burst 4000 Hz tone burst
3. 1000 Hz tone burst 4000 Hz NB LS CE- 500 Hz NB LS CE-Chirp {500 Hz NB LS CE-Chirp
Chirp
4. |1000HzNB LS CE-  [500 Hz tone burst 1000 Hz NB LS CE-Chirp4000 Hz NB LS CE-Chirp,
Chirp
5. 4000 Hz tone burst 1000 Hz NB LS CE- 4000 Hz tone burst 1000 Hz NB LS CE-Chirp
Chirp
6. 4000HzNB LS CE- 4000 Hz tone burst 500 Hz tone burst 500 Hz tone burst
Chirp

4.2.6.3.4 Acquisition parameters

The acquisition factors were electrode montage, filter, analysis time, amplification,
common mode rejection, and signal averaging. These acquisition factors of ABR were

deployed in the current study.

a. Electrodes placement and montages

ABR was recorded using two channels function through four electrode locations. Before
placing the electrode, the subject was prepared by scrubbing the respective places for
electrode placement using NuPrep Skin Preparation electrode gel. Ipsilateral/contralateral
electrode montage were used by placing Ambu Neuroline 720 disposable electrodes on
high forehead marks as non-inverting (Cz) electrode, lower forehead marks as ground
electrode (Fpz), inverting electrodes on left (M1) electrode, and right (M2) electrode on
both mastoids, respectively (Dzulkarnain et al., 2018) as shown in Figure 4.2. The

electrodes impedance was retained below 5 kQ during all measurements, measured by the
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ABR Interacoustics Eclipse EP25 impedance check function, and balance inter-electrode
impedance will be maintained. These two-channel configurations were used to get
information from two different locations of the inverting electrode that are prominent to
capture all the ABR peaks (Dzulkarnain et al., 2021). The non-inverting electrode on the
forehead risks a smaller ABR recording, for mastoid electrodes far from the ear, and the
wave | amplitude recording is small. However, the placement was chosen for comfort of

the subjects.

b. Filters

The recorded signal was filtered from 33 Hz (high pass) to 3000 Hz (low pass) with a 6-
dB/octave slope (Sininger et al., 2000). The stimulus filters were selected based on the

review of the literature and were discussed in subsection 2.4.2.

c. Stimulus rate

The stimulus rate that was used was 33.33 clicks per second (cps). This stimulus rate is
recommended for use in infant subjects as this is an intermediate stimulus rate that allows
the test to run rapidly before the subject awakes; further discussion is in subsection

23222

d. Analysis time

Analysis time, which is also known as “epoch” for ABR recordings following stimulus
presentation is essential for auditory evoked response. The analysis time used was 0 to 14
ms which was used as a part of the study objectives one, two, and three because, based on

the literature review, see subsection 2.4.3.

e. Transducer

The acoustic stimulus will be given via ER3A earphones for comfort purposes and better
clinical findings (Mubhler et al., 2013). TDH-39 headphones prompt an electromagnetic

shield that results in stimulus artifacts at higher intensity levels. In contrast, earphones have
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electromagnetic shielding to abolish electromagnetic artifacts (Coats et al., 1979). The ER-
3A insert earphones decrease the stimulus crossover likelihood from the test ear to the non-
test ear. Earphones offer several advantages in clinical ABR measurements, particularly for
infants and young children. These advantages include improved transducer placement,
enhanced control over the signal presentation, and the ability to optimize tone burst

parameters.

f. Amplification

The amplifier gain is set at 100 000 amplifier gain level and EEG samples exceeding +

40nV will be rejected; further discussion in subsection 2.5.5.

g. Common mode rejection

Common mode rejection (CMR) has a function of differential amplification and is essential

in ABR recording.

h. Signal averaging

The amount of signal averaging (i.e., maximum number of sweeps per run) was pre-set at
2000. The signal averaging was used as a part of study objectives one, two, and three

because based on the literature found in subsection 2.4.4.
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Figure 4.3 Electrodes placement in ABR assessment on the infant.

Table 4.4 Recommended recording parameters for ABR to NB LS CE-Chirp and ABR to

tone burst
Type Narrowband level specific CE-Chirp Tone burst
Transducer Etymotic Research ER-3A earphones (Muhler et al., 2013) Infant insert ear
tip 3.5 mm or 4.0 mm
Electrode montage 2 Channels Ipsilateral/ Contralateral
EEG filters 33 Hz (high pass) to 3000 Hz (low pass) band-pass filter (Sininger et al.,
2000)
Intensities Intensity levels: 70 dBnHL and 40 dBnHL Steps: Down by 10 dB, up by 5
dB (Dau et al., 2000)
Rate 33.3 clicks per second (cps) (Rasetshwane et al., 2013)
Polarity Alternating (Rodrigues et al., 2013)
Impedance <5000 Q
Fmp >3.1
Residual Noise (RNL) <40nV

58



4.2.7 Waveform Analysis

The variables of this study were the amplitudes and absolute latencies of waves of I, III,
and V. The latency was measured from the time of the stimulus onset to the peak of wave
I, III, and V, respectively. The amplitude of waves I, III, and V were determined from each
peak to its subsequent trough in microvolts (V). The illustration of the methods of ABR
waveform analysis is summarized in Figure 4.3. The ABR waveform was identified and
interpreted by one single audiologist. Prior to the ABR waveform analysis, a session was
conducted involved two audiologists to ensure a reliable and consistent interpretation can
be made. This process involves two audiologists with 12 and 20 years of experience. In this
process both audiologists, independently interpreting few sample of ABR waveforms by
determining the presence or absence of the waveforms and peaks, and subsequently to
determine the amplitudes and latencies. They discussed any discrepancies until an inter-
rater agreement of at least 90% agreement of descriptive comparison was achieved. There
is no statistical analysis was done to compare inter rater agreement as the number of
samples of ABRs are small for a statistical analysis. Upon reaching the 90% agreement, the
first audiologist (main researcher) then independently identified and interpreted the ABR

waveforms.

Amplitude
Wave V

L LT L T T T

I

Absolute latency
= .(Wav.e I, II.I, V) &

Amplitude
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| ) | A | | | L
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Figure 4.4 The illustration of ABR waveform analysis (Hall, 2013).
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The estimation of hearing thresholds referred to the lowest intensity level identified
at which wave V of ABR was detectable. Two repetitions of ABR recordings were
conducted to determine these thresholds for both stimuli. The study assessed the
replicability and consistency of the ABR waveform to confirm the accuracy of the hearing
threshold estimation. In determining the presence of ABRs, the study required a clear
waveform response at either 5 dB or 10 dB above the corresponding intensity level with a
minimum signal-to-noise ratio (SNR) of 3.0. Conversely, ABRs were considered absent if
the recording displayed a flat waveform at 5 dB or 10 dB below the respective intensity
level and the Residual Noise Level (RNL) was < 40 nV. This research adhered to the
standard threshold procedure outlined by the British Society of Audiology (2018) which
mandates meeting three criteria: 1) a clear response indicating an ear-specific threshold, ii)
a distinct response at 5 or 10 dB above the threshold, and iii) no response at 5 or 10 dB
below the threshold. Additionally, responses at 5 dB or 10 dB above the threshold were

expected to be more prominent and sander compared to the threshold findings.

4.2.8 Variables of the study from the ABR elicited via NB LS CE-Chirp and tone burst

The study divided two variables category which were independent and dependent. There
were two independent variables used which were stimulus types and frequencies. In the
current study, the stimulus types used were NB LS CE-Chirp and tone burst, whilst for
stimulus frequencies were 500, 1000, and 4000 Hz. For the dependent variables, there were
amplitude, latency, and hearing threshold estimation. The analysis of the data which
assessed the stimulus types affected the amplitude, latency, and threshold estimation level
of ABR, underwent statistical comparison as outlined in section 4.2.9. The summary of the

independent and dependent variables of the study is illustrated in Figure 4.5.
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Figure 4.5 Summary of independent and dependent variables of the study.

4.2.9 Statistical Analysis

Statistical analysis was measured using IBM SPSS Statistics for Windows, Version 27.0.
(IBM Corp., Armonk, NY, USA). For quantitative data, differences in variable means and
standard deviations (SD) were assessed. The normality of the data distribution was
evaluated using the Kolmogorov-Smirnov test (p < 0.05). Thus, the ABR recording data
are non-normal distributed. Given that parametric assumptions were not met due to non-
normality and heterogeneous variance, the Wilcoxon signed-rank test was employed with
multiple comparisons adjustment to minimize Type I error (i.e., rejecting the null

hypothesis the study objectives (i.e., each of the current study objectives is true).

Furthermore, controlling for between subject’s variance separately enhanced the
power of statistical analysis given the substantial within subject variability. The Wilcoxon

signed-rank test was applied to assess statistical significance in amplitude and latency
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measurements at 70 dBnHL, 40 dBnHL, the hearing threshold estimation level. The effect
size of Wilcoxon signed-rank test value formula was computed by measuring the ratio of
the statistic (Z score) divided by the square root of the number of the sample (N) (r=2/ \
N) (Pallant, 2011). The p < 0.01 was chosen for the current study because of stricter
standard for rejecting null hypothesis and reduce Type I error risk (e.g., false positive
especially in medical research). Table 4.5 shows the interpretation of the r, Wilcoxon’s
signed-rank test effect size. The effect size helps to quantify the strength of the difference
between the paired samples from the Wilcoxon signed rank test. A different was identified
based on effect size. It provides sufficient insights for interpretation, comparison, power

analysis, and clinical relevance.

Table 4.5 The Interpretation of the r, Wilcoxon’s signed-rank test effect size

Interpretation Wilcoxon’s signed-rank test effect size,
r
No effect 0to <0.10
Small effect 0.1t0<0.3
Medium effect 0.3t0<0.5
Large effect >0.5
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Table 4.6 The summary of statistical analysis for each research objective

Specific objective Independent variables Dependent variable Statistical analysis

i.  To compare the ABR amplitude (waves I, III, 1. Stimuli; NB LS CE-Chirp Amplitude
and V) in infants between *NB LS CE-Chirp and and tone burst.
tone burst using frequency specific of 2. Stimulus frequencies; 500,
**500, 1000, and 4000 Hz at ***70 and 40 1000, and 4000 Hz.
dBnHL. 3. Intensity levels; 70 and 40

dBnHL.
ii. To compare the ABR absolute latency (waves I, Stimuli; NB LS CE-Chirp Latency Wilcoxon signed-
III, and V) in infants between *NB LS CE-Chirp and tone burst. rank
and tone burst using frequency specific of Stimulus frequencies;
**500, 1000, and 4000 Hz at ***70 and 40 500, 1000, and 4000 Hz.
dBnHL. Intensity levels; 70 and

40 dBnHL.

iii. To compare ABR thresholds between *NB LS 1. Stimuli; NB LS CE-Chirp Hearing threshold
CE-Chirp and tone burst in infants using frequency and tone burst. estimation level
specific of **500, 1000, and 4000 Hz. 2. Stimulus frequencies; 500,

1000, and 4000 Hz.
iv. To compare the ABR acquisition time in infants 1. Stimuli; NB LS CE-Chirp Acquisition time Wilcoxon signed-
via *NB LS CE-Chirp and tone burst at frequency and tone burst. rank and Friedman
specific of 2. Stimulus frequencies: 500, test
*%500, 1000, and 4000 Hz using 1000, and 4000 Hz.
*E*Etwo stopping criteria at ***70 and 40 dBnHL. 3. Intensity levels: 70 and 40

dBnHL.

4. Stopping criteria; Fmp >

3.1 and visual observation.




4.3 RESULTS

Fifty ABRs of normal hearing infants using NB LS CE-Chirp and tone burst were collected
in this study. The summary of the ABR identification (presence versus absent) across
different stimulus types (NB LS CE-Chirp and tone burst) and frequencies (500, 1000, and
4000 Hz) at two intensity levels (70 and 40 dBnHL) are shown in Table 4.7. The ABR
waves [ and III at 70 dBnHL were not 100% present for all frequencies tested; however,
there was a 100 % presence of ABR wave V at 70 and 40 dBnHL for all frequencies tested.
The example of the ABR waveform from one study participant of normal hearing infants
at three frequencies and different intensity levels is shown in Figures 4.6, 4.7, and 4.8,

respectively.

In this study, not all participants have ABRs waves I and III at all frequencies tested.
The number and percentages of ABR peak identification according to the stimulus types
and stimulus frequencies are shown in Table 4.7. The median and interquartile range (IQR)
of ABR amplitudes and latencies at 500, 1000, and 4000 Hz for each presentation level at
70 and 40 dBnHL, including hearing threshold estimations using both stimuli are shown in

Table 4.8.
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Table 4.7 Number of infants with present ABR waveform in each stimulus type and stimulus frequencies

STIMULUS TYPE
Frequency (Hz)  INTENSITY LEVEL (dBnHL) WAVE NB LS CE- CHIRP TONE BURST
70 1 19 (38 %) 2 (4 %)
500 I 25 (50 %) 7 (14 %)
v 50 (100 %) 50 (100 %)
40 v 50 (100 %) 50 (100 %)
70 1 32 (64 %) 21 (42 %)
1000 I 35 (70 %) 23 (46 %)
vV 50 (100 %) 50 (100 %)
40 % 50 (100 %) 50 (100 %)
70 1 45 (90 %) 44 (88 %)
4000 I 48 (96 %) 40 (80 %)
% 50 (100 %) 50 (100 %)
40 v 50 (100 %) 50 (100 %)
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Figure 4.6 ABR waveforms obtained using NB LS CE-Chirp (left side) and tone burst (right side) stimuli at 500 Hz were found

in the right ear (red waveform) in one of the normal hearing infants.
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Figure 4.7 ABR waveforms obtained using NB LS CE-Chirp (left side) and tone burst (right side) stimuli at 500 Hz were found in the left
ear (blue waveform) in one of the normal hearing infants.
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Figure 4.8 ABR waveforms obtained using NB LS CE-Chirp (left side) and tone burst (right side) stimuli at 1000 Hz were
found in the right ear (red waveform) in one of the normal hearing infants.
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Figure 4.9 ABR waveforms obtained using NB LS CE-Chirp (left side) and tone burst (right side) stimuli at 1000 Hz were
found in the left ear (blue waveform) in one of the normal hearing infants.
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Figure 4.11 ABR waveforms obtained using NB LS CE-Chirp (left side) and tone burst (right side) stimuli at 4000 Hz were

found in the left ear (blue waveform) in one of the normal hearing infants.
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4.3.1 Analysis of amplitudes of waves I, III, and V with NB LS CE-Chirp versus tone
burst stimuli at frequencies (500, 1000, and 4000 Hz) and intensities (70 and 40
dBnHL)

4.3.1.1 Stimulus types (NB LS CE-Chirp vs tone burst stimulus)

4.3.1.1.1 70 dBnHL

The median and interquartile range (IQR) for the amplitude of waves I, III, and V in the
ABR elicited by NB LS CE-Chirp and tone burst stimuli at different frequencies (500 Hz,
1000 Hz, and 4000 Hz) in infants were shown in Table 4.8. According to Wilcoxon signed-
rank test and/or the effect size values in Table 4.9, the NB LS CE-Chirp is considered to
have significantly larger ABR amplitude of waves 1, III, and V than tone burst stimulus at
all combinations of frequencies and intensities (p < 0.01) with medium to large effect size
(r = 0.30 to 0.62) except for wave V at 500 Hz and 4000 Hz (p > 0.01) with small effect
size (r=0.06 to 0.16). The increment of ABR waves V amplitude from tone burst to NB LS
CE-Chirp was -2.04 %, 34.78 %, and 16.22 % at 500, 1000, and 4000 Hz, respectively.

4.3.1.1.1 70 dBnHL

The summary of median and IQR for ABR amplitudes of wave V elicited using both stimuli
types of three different specific frequencies (500, 1000, and 4000 Hz) are shown in Table
4.8. From Table 4.9, the analysis of Wilcoxon signed-rank test showed that wave V
amplitude of NB LS CE- Chirp was larger than tone burst (p < 0.01) for all the frequencies
tested with medium effect size (r =0.33 to 0.54). The particulars of Z-distribution, p-value,
and effect size for amplitude values are shown in Table 4.9. The increment of ABR waves
V amplitude from tone burst to NB LS CE- Chirp was 19.23 %, 20 %, and 25 % at 500,
1000, and 4000 Hz, respectively.

72



€L

Table 4.8 The median and interquartile range (IQR) for amplitude, absolute latency of waves (I, III, and V), and hearing threshold
estimation level using ABR to NB LS CE-Chirp and ABR to tone burst at multiple frequencies in normal hearing infants.

NB LS CE-Chirp \ Tone burst
Intensity (dBnHL) Wave Frequencies (Hz)
500 1000 4000 ‘ 500 1000 4000
Amplitude (nV)

70 I 0.15 0.17 0.25 0.10 0.17 0.20
(0.01) 0.07) (0.16) (0.16) (0.10) 0.17)

I 0.10 0.17 0.19 0.11 0.13 0.16

(0.03) (0.09) 0.11) (0.01) (0.09) (0.08)

\% 0.48 0.62 043 0.49 0.46 0.37

(0.20) 0.27) 0.15) (0.26) (0.26) (0.19)

40 \% 0.31 0.36 0.35 0.26 0.30 0.28
(0.16) 0.12) 0.17) (0.16) (0.15) (0.11)

Latency (ms)

70 I 222 253 2.00 493 4.03 2.13
(0.89) (0.65) (0.14) (1.75) (0.98) (0.20)

I 4.67 4.90 4.60 7.80 6.60 4.73

(0.50) (0.34) (0.33) (1.40) (2.14) (0.40)

\% 6.67 6.93 6.60 10.60 8.80 6.93

(1.15) (0.70) (0.37) (0.82) (0.76) (0.62)

40 \% 8.20 7.90 7.67 12.80 10.50 7.80
(1.03) (0.92) (0.42) (1.87) (1.42) (0.48)

Threshold (dBnHL)

25 (10) 20 (10) 10 (10) 35(5) 30 (15) 15 (10)
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Table 4.9 Z distribution values, p-values of Wilcoxon signed-rank test and effect size (r) for amplitude of waves I, III, and V at
multiple stimulus frequencies and intensities in normal hearing infants

Intensity Stimulus Wave [Frequency [Z value p-value Effect size
(dBnHL) (Hz) Tone burst Tone burst Tone burst
500 1000 4000 500 1000 4000 500 1000 4000

NBLS [I 500 -1.069 0.285 *0.617

CE- 1000 -1.193 0.233 *0.308

Chirp 4000 -2.088 0.037 *0.322
70 NBLS |III 500 -0.674 0.500 *0.301

CE- 1000 -1.650 0.099 *0.379

Chirp 4000 -4.089 *<0.001 *0.655

NBLS |V 500 -0.405 0.685 0.057

CE- 1000 -4.976 *<0.001 *0.704

Chirp 4000 -1.120 0.263 0.158
40 NBLS |V 500 -2.313 0.021 *0.327

CE- 1000 -2.805 *0.005 *0.340

Chirp 4000 -3.818 *<0.001 *0.540

* Indicator: Significant p-value, (p<0.01) or effect size (r>0.3)



SL

Table 4.10 Z distribution values, p-values of Wilcoxon signed-rank test and effect size (r) for absolute latency of waves I, 11,
and V at multiple stimulus frequencies and intensities in normal hearing infants

Intensity Stimulus Wave [Frequency Z value p-value Effect size
(dBnHL) (Hz) Tone burst Tone burst Tone burst
500 | 1000 | 4000 500 1000 4000 500 1000 4000
NB LS | 500 -1.604 0.109 *0.926
CE- 1000 -3.410 *<0.001 *0.880
Chirp 4000 -4.202 *<0.001 *0.648
70 NBLS I 500 -2.023 0.043 *0.905
CE- 1000 -3.665 *<0.001 *0.841
Chirp 4000 -4.132 *<0.001 *0.662
NB LS \% 500 -6.155 *<0.001 *0.870
CE- 1000 -6.155 *<0.001 *0.870
Chirp 4000 -4.228 *<0.001 *0.598
40 NBLS \% 500 -6.155 *<0.001 *0.870
CE- 1000 -6.145 *<0.001 *0.869
Chirp 4000 -2.540 0.011 *0.359

*Indicator: Significant p-value, (p<0.01) or effect size (r>0.3)
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Table 4.11 Z distribution values, p-values of Wilcoxon signed-rank test and effect size (r) for hearing threshold estimation in
normal hearing infants

Stimulus Tone burst
Z value p-value Effect size
Frequency 500 1000 | 4000 500 1000 4000 500 1000 4000
(Hz)
NB LS CE- 500 -5.175 *<0.001 *0.732
Chirp 1000 -4.452 *#<0.001 *0.630
4000 -4.431 *<0.001 *0.627

* Indicator: Significant p-value, (p<0.01) or effect size (1>0.3)




4.3.2 Analysis of latency of waves I, I11, and V with NB LS CE-Chirp versus tone burst
stimuli at various frequencies and intensities (70 and 40 dBnHL)

4.3.2.1 Stimulus types (NB LS CE-Chirp versus tone burst)

4.3.2.1.1 70 dBnHL

The summary of the median and inter-quartile range (IQR) for absolute latencies of waves
I, I1I, and V produced by ABR to NB LS CE-Chirp and ABR to tone burst of three different
frequencies specific (500, 1000, and 4000 Hz) are shown in Table 4.8. From Table 4.10,
the Wilcoxon signed-rank test analysed that this modified NB LS CE- Chirp stimulus has
shorter ABR latency (p < 0.01) for all waves compared to tone burst with large effect size
for wave I, III, and V (r = 0.66 to 0.88). The exception was for wave I and III at 500 Hz
large effect size (r = 0.91 to 0.93), and wave V of 4000 Hz with large effect size (r =
0.60). The particulars of Z distribution, p-value, and effect size for absolute latency are as

in Table 4.10.

4.3.2.1.2 40 dBnHL

Table 4.8 shows a summary of the median and IQR of ABR latencies of waves I, III, and
V elicited via NB LS CE-Chirp and tone burst stimuli at frequency specifics of 500, 1000,
and 4000 Hz. From Wilcoxon signed-rank analysis, the study found a significantly shorter
ABR modified latency of NB LS CE-Chirp than tone burst in all wave V (p < 0.01) with
medium to large effect size (r = 0.36 to 0.87). The details of Z distribution, p-value, and

effect size for absolute latency are as in Table 4.10.
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4.3.3 ABR hearing threshold estimation using both stimulus types

4.3.3.1 Stimulus types (NB LS CE-Chirp versus tone burst)

The summary of median and IQR for ABR hearing threshold estimation evoked by NB LS
CE-Chirp and tone burst stimuli at multiple frequencies tested in normal hearing infants
are shown in Table 4.8. From the Wilcoxon signed-rank analysis in Table 4.11, ABR to
NB LS CE-Chirp has significantly lower ABR threshold estimations compared to ABR to
tone burst across all frequencies tested (p < 0.01) with large effect size (r = 0.63 to 0.73).
The hearing threshold estimation differences between NB LS CE-Chirp and tone burst were
10, for 500 and 1000 Hz, and 5 dBnHL for 4000 Hz. The particulars of Z-distribution, p-

value, and effect size of the hearing threshold estimation are shown in Table 4.11.

4.4 DISCUSSION

This section discusses the results of ABR data in relation to the first three research
objectives. Specifically, this chapter addresses the effect of stimulus types on the ABR 1)

amplitude, i1) absolute latency, and iii) hearing threshold estimation.

4.4.1 The Effect of Stimulus Types and Frequency Specifics on ABR Amplitude

4.4.1.1 General effect of NB LS CE-Chirp versus tone burst on ABR amplitudes

The current study revealed that the larger ABR amplitude of wave I, III, and V from NB
LS CE-Chirp than ABR elicited from tone burst across frequencies and two intensities
tested. The ABR findings from NB LS CE-Chirp were expected to be consistent with the
previous findings that showed larger amplitudes of wave V elicited from NB LS CE-Chirp
than tone burst; however, the previous study was conducted in adult subjects (Bal et al.,
2022; Dzulkarnain et al., 2018). In addition, previous literature revealed that larger ABR
amplitudes from the narrow band (NB) CE-Chirp than tone burst in infants (Cobb and
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Stuart, 2016); in children (Talaat et al., 2020); and in adult subjects (Ceylan et al., 2020).

The larger amplitude from ABR to NB LS CE-Chirp is expected because it is
frequencies specific and elicits higher neural synchronization. The NB LS CE-Chirp
delivers each frequency component to the cochlea with a precise adjournment designed to
offset the cochlear delay at the position linked to its frequency characteristic. It is
hypothesized that the observed rate of amplitude growth for chirp stimulus will not persist
at higher intensities. Given that the stimulus intensities level in this study did not surpass 50
dBnHL for any frequencies, the observed steeper amplitude growth rate in the newborn
may be attributed to the unique characteristics of the chirp stimulus. Once the optimal
intensity is surpassed, the amplitude responses to chirp stimuli are anticipated to converge
with those elicited by tone bursts, diminishing the potential advantage of using chirps.
Overstimulation of the cochlear can lead to desynchronization. At higher frequencies (HF),
tone burst elicited the same ABR amplitude due to the earlier HF parts at the basilar
membrane of the cochlear (Rodrigues et al., 2013). Hence, there was no difference at 500

and 4000 Hz at 70 dBnHL.

4.4.1.2 Influence of stimulus intensity on ABR amplitudes elicited by NB LS CE-Chirp

The ABR amplitude of waves I, I1I, and V from NB LS CE-Chirp stimulus was larger than
tone burst except for wave V of 500 and 4000 Hz at 70 dBnHL. The amplitude enhancement
of NB LS CE-Chirp to only certain frequencies indicate that optimum neural
synchronization provided by NB LS CE-Chirp could be only limited to fast component but
not for slow component with subjected to frequency spectral (Bal et al., 2022; Suleman,
2021). There were only few studies on the use of ABR to NB LS CE-Chirp especially
among infants’ population. Previous literature also reported similar ABR amplitude values
between NB CE-Chirp and tone burst stimuli across various frequencies and at higher
intensity levels (Rodrigues et al., 2013; Megha et al., 2019), except at 4000 Hz (Ceylan et
al., 2020), and except at 1000 and 4000 Hz (Ferm et al., 2013). The similar ABR amplitudes
elicited from NB CE-Chirp and tone burst stimuli is anticipated because of the rate of
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amplitude growth will not continue at higher levels (Ferm et al., 2013; Ferm et al., 2015).
This condition was observed at higher intensity levels, that NB LS CE-Chirp stimulus has
a possibility of neural desynchronization changes as a consequence of overstimulation on
the basilar membrane of the cochlea and caused the decrement of the wave V amplitude
(Elberling & Don, 2008; Dau et al., 2000). However, those findings are not from NB LS
CE-Chirp studies.

As discussed before, this is consistent with the expected response from the NB LS
CE-Chirp stimulus at higher stimulation levels, the components activate restricted cochlear
regions and the excitation spreads more broadly potentially leading to a decrease in
amplitude response, subsequently reducing peak V amplitude. In the current study, the

similar ABR amplitude of wave V of NB LS CE-Chirp and tone burst at 500 and 4000 Hz.

The previous study used NB CE-Chirp stimulus across all the octave bands and the
levels never exceeded 50 dBnHL suggesting that the design of this stimulus was observed
to elicit larger amplitude growth in the ABR recordings of infants. Once the optimal level
is surpassed, the amplitudes of NB CE-Chirp are expected to be better than tone burst
(Elberling & Don, 2010). One of the closest studies was by Elberling & Don (2010) on NB
CE-Chirp stimulus elicited optimal responses at lower intensities, approximately 40
dBnHL for 1000 Hz and 45 dBnHL for 4000 Hz (Elberling & Don, 2010). At lower
stimulation levels, the frequencies specifically occupy a narrow region on the basilar
membrane enabling components to synchronize in phase (Megha et al., 2019; Muhler et al.,
2012). The efficacy of the chirp at 50 to 60 dBnHL were prominent in influencing the

upward spread of excitation on octave frequency components (Elberling, 2008).

Next, larger ABR amplitude of wave V for all frequencies tested from NB LS CE-
Chirp than tone burst at 40 dBnHL. In the current study, the ABR findings elicited larger
amplitude of wave V from NB LS CE-Chirp than tone burst at lower intensity level are
similar to previous studies but in adult subjects (Bal et al., 2022; Dzulkarnain et al., 2018)
and between NB CE-Chirp and tone burst in infants (Talaat et al., 2020; Ceylan et al., 2020;
Rodrigues et al., 2013; Ferm et al., 2013; Cobb et al., 2016). The findings of this study
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indicated that the amplitudes of ABR elicited from NB LS CE-Chirp were significantly
larger than those elicited from tone burst for all three frequencies tested and at lower
intensity levels which was 40 dBnHL. This suggested that NB LS CE-Chirp stimulus may
be more effective in eliciting robust neural responses in the auditory brainstem at lower

intensity levels which was less than 60 dBnHL (Dau et al., 2000).

In addition, chirp has an upward spread of excitation to alleviate temporal dispersion
in the cochlea travelling wave delay (Dau et al.,2000; Kristensen & Elberling, 2012). These
findings align with the observations from previous studies investigating NB CE-Chirp
elicited more robust ABR waveform and larger ABR amplitude compared to the tone burst
in adult (Elberling & Don, 2010). Hence, this study suggested that NB LS CE- Chirp
stimulus may be advantageous for eliciting larger ABR wave V amplitudes and robust
waveforms in infant compared to tone bursts particularly at lower presentation levels. This
is because the NB LS CE-Chirp elicited a non-monotonous level-dependent characteristic
that may trigger the upward spread of excitation as the intensity level increases (Dau et al.,
2000). The characteristics of NB LS CE-Chirp stimulus facilitate increased synchronization
of neural firing across a broader area of the basilar membrane, producing a more

pronounced ABR waveform (Ferm et al., 2013; Ferm et al., 2015).

4.4.1.3 Different effect on NB LS CE-Chirp on the ABR amplitudes between infant and
adult population

The ABR findings in infants and adult were expected to be different because of the
maturation of the brain structure. The maturational from peripheral to the central auditory
system lead to variation in ABR amplitude, latency, and waveform morphology
(Eggermont & Salamy, 1988; Salamy, 1984). As age increases, the axonal myelination
density in the cochlear nerve and brainstem pathways is increasing (Spitzer et al., 2015;
Johnson et al., 2008). The brain maturational development in infants continue to grow
between 18 months and 12 years old (Hall III, 2015; Sleifer et al., 2007; Ponton et al.,
1996). Previous studies showed that ABR in infants of wave I is more robust than wave V

and resulting the amplitude ratio of wave V/I is about one-half of the adult or about one-
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third in infants than the adult; while, wave IIl and V decreased with age. (Stuart et al., 1996;
Hecox & Burkard, 1980). In specific, there were significant differences ABR findings
between children aged >36 months and <37 months. (Wang et al., 2023). However, unlike
the cochlea, the brainstem pathways are not mature at term. This can be most clearly seen
in ABR latency. ABR wave I latencies are adult-like soon after birth in full-term infants
(Eggermont & Salamy, 1988) but absolute wave V and wave -V interpeak latencies
decrease over the first 2 to 3 years of life (Salamy, \1984). Myelination of auditory axons
is present throughout the pathway by 29 weeks gestation; however, the density of myelin

sheath remains to increase throughout the first year of life (Moore et al., 1995).

From the current study, there was a huge missing of waves I and III especially at
lower frequencies of tone burst findings. Despite the enhancement of wave V through
compensating for temporal delays across frequency and within channel phase dispersion
tends to diminish the amplitudes of earlier ABR waves. The absence of ABR waves I and
IITI elicited from tone burst was expected. In addition, this current study found that waves I
and III were not observed from ABR to tone burst at 70 dBnHL, which is consistent with
previous findings. Ribeiro & Carvallo (2008) similarly did not detect waves I and III in
term and preterm newborns even at high intensities. ABR waves I and II are generated via
auditory nerve fibres that exhibit 'phase-locking' which accurately reflects basilar
membrane (BM) motion through the action potentials period. In contrast, frequency
spectrum analysis of the ABR wave V characterized of a low frequency has a longer
integration window which differs with waves I and Il which are integrated at a shorter
window (Kevanishvili & Aphonchenko, 1979). The higher susceptibility of wave I to phase
dispersion compared to wave V can also be attributed to differences in the mechanisms.
Specifically, it was expected that neural elements contribution to wave V are dendritic
making them slower and monophasic, whereas those from wave I is axonal and resulting
in faster and diphasic responses (Kevanishvili & Aphonchenko, 1979). However, in the

current study, the waves I and III from NB LS CE-Chirp were observed.

In addition, the insignificant difference in ABR amplitude of wave V at 500 and

4000 Hz from both stimuli may be due to the immaturation of the brain structures. Previous
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studies found that the ABR to NB LS CE-Chirp is more sensitive to stimulus changes at
lower intensity levels than at higher intensity levels. This is because at lower intensity
levels, CE-Chirp with an upward spread of excitation characteristic made the stimulus less
distorted. Previous literature showed that there is a lack of earlier waveforms in the grand
averages waveform, displayed greater variability in wave V latency, lower fast Fourier
transform (FFT) magnitudes at higher component frequencies, and higher phase variance
at these frequencies of ABR to click (Petoe et al., 2010). FFT functions are to convert
asignal into specific spectral components and provides frequency data about the signal

(Peteo et al., 2010).

4.4.2 Shorter modified ABR latencies from NB LS CE-Chirp than tone burst

NB LS CE-Chirp with 500, 1000, 2000, and 4000 Hz as a subset is anticipated that the
latencies of NB LS CE-Chirp stimulus will be shorter than those of tone burst, particularly
at lower frequencies, (e.g. Figure 4.10). This result was expected because the modified
structures of NB LS CE-Chirp are shorter than the tone burst stimulus. A thorough
evaluation should incorporate frequency specific ABR, as it offers enhanced clarity
regarding the pattern and severity of hearing loss. In contrast, tone burst is a brief signal
stimulus containing a single tone, commonly employed in testing, measurement, and
calibration contexts. It is characterized by its narrow spectral. The current study
demonstrated that ABR latencies were shorter when elicited via NB LS CE-Chirp stimulus
compared to tone burst stimulus in infants. This accelerated neural response is attributed to
several stimulus related factors. The optimized frequency and temporal characteristics of
NB LS CE-Chirp stimulus align more closely with the physiological properties of the
auditory system, potentially enhancing neural synchronization, and expediting auditory
information transmission along the neural pathway (Elberling & Don, 2008; Cobb & Stuart,
2016).

Activation of the cochlea regions occurs simultaneously in both low and high
frequencies, ensuring that every part of the basilar membrane reaches peak depolarization

and produces a synchronized neural response (Rodrigues et al., 2013). Previous studies
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have reported that latencies are prolonged at 500 Hz compared to higher frequencies,
suggesting that the low frequency response originates from the apex of the cochlea region
(Yamada et al., 1983; Sininger et al., 1997; Ribeiro & Carvallo, 2008; Almeida et al., 2014).
The shorter latency is mainly due to the temporal alignment of frequency components in
the NB LS CE-Chirp stimulus which compensates for cochlear traveling wave delay. This
design effectively synchronizes neural responses and resulting in earlier ABR wave
latencies. Additionally, since NB CE-Chirp maximally stimulates the cochlea, any delay in
the cochlear travelling wave is compensated by achieving varying timings across different
frequencies (Rodrigues & Lewis, 2012; Dau et al., 2000). Specifically, regions centred at
500 Hz and 1000 Hz receive the stimulus earlier, resulting in shorter peak latency. This
data suggests that NB LS CE-Chirp stimulus might be advantageous over the traditional
tone bursts for eliciting shorter absolute latencies in ABR recordings of infants. The use of
NB CE-Chirp stimulus resultant in shorter ABR latencies compared to tone burst stimulus,
particularly evident at lower frequencies. This characteristic of NB LS CE-Chirp is
particularly valuable in ABR clinical practice for assessing auditory function in young
children and optimizing early intervention strategies for those with hearing loss or auditory

processing disorders.
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Figure 4.12 The ABR waveform morphology elicited via NB LS CE-Chirp versus tone

burst.
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4.4.3 Better ABR threshold in NB LS CE-chirp at lower frequencies

ABR findings showed lower hearing threshold estimation evoked by NB LS CE-Chirp
stimulus compared to tone burst stimulus. This is because of the adjusted latency, improved
amplitude, and clearer waveform made the ABR threshold can be found in the lower
intensity levels in chirp. Therefore, better ABR threshold estimations elicited via NB LS
CE-Chirp than tone burst. Previous literature found that ABR hearing threshold estimation
elicited from NB CE-Chirp is more highly correlated with behavioural thresholds than with
tone burst stimulus (Talaat et al., 2020). This increases the possibility of the thresholds to
estimate the audiogram better and closer to the behavioral audiogram and suggests that NB
LS CE-Chirp stimulus is indeed more sensitive in detecting hearing loss in infants.
However, the ABR findings may be attributed to the attenuation from low frequency as it
propagates towards the apex of the basilar membrane. Variations in the vibration pattern of
the basilar membrane near the apex of the basilar membrane can impact neuronal
synchrony, potentially resulting in elevated ABR thresholds for low frequencies,

irrespective of the stimulus modality (Almeida et al., 2014).

4.5 SUMMARY

This chapter discussed experiment one, which justifies the three earlier research objectives.
The research objectives include an analysis of the differences in ABR amplitude, latency,
and hearing threshold estimations using two different types of stimuli. In conclusion, based
on the results and discussions described in the earlier sections of this chapter, the summary
is as follows: The Joint Committee on Infant Hearing (JCIH) recommends the tone burst
auditory brainstem response (ABR) as the standard test for determining the audiogram in
infants between 1 and 3 months old. Numerous clinicians currently hesitate to adopt tone
burst stimuli for ABR assessment as suggested by JCIH. A commonly cited issue is the
challenge of identifying wave V, especially with low frequency stimuli (Ferm et al., 2015).
Thus, the frequency specifics ABR elicited via NB LS CE-Chirp and tone burst were

compared, and the findings are as follow:
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ABR to NB LS CE-Chirp has a slightly larger amplitude of waves I, III, and V
at higher intensity levels (70 dBnHL) except at waves V 500 and 4000 Hz in
normal hearing infants.

ABR to NB LS CE-Chirp elicited a larger amplitude of wave V than in ABR to
tone burst for all frequencies tested at 40 dBnHL in normal hearing infants.
Latencies of ABR to NB LS CE-Chirp were significantly shorter compared to
ABR using tone burst for all frequencies tested at both stimulus intensity levels
in normal hearing infants.

ABR hearing threshold estimations were significantly better using NB LS CE-
Chirp stimulus than using tone burst across frequencies range in normal hearing

infants.
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CHAPTER FIVE

EXPERIMENT TWO: THE EFFECTS OF STIMULUS TYPES AND
STOPPING CRITERIA ON THE ABR ACQUISITION TIME

5.1 INTRODUCTION

Part two of the experiment in this thesis will be discussed in this chapter. The second
experiment will highlight the forth objective, which is to compare the ABR acquisition time
in infants using NB LS CE-Chirp and tone burst with various grouping of stimulus
frequencies and stopping criteria at 70 and 40 dBnHL. This chapter will describe the study
design, instrumentations, data collection procedure, and data analysis. At the end of this

chapter, the results, discussion, and conclusion will be discussed.

5.2 MATERIALS AND METHODOLOGY
5.2.1 Study Design

This study employed a repeated measures study design to investigate the causal relationship
between independent variables (i.e., stimulus types and stopping criteria) and dependent
variables (i.e., ABR acquisition time) (Thyer, 2012). A convenience sampling technique
was utilized to recruit a total of 50 infant ears that had passed a hearing screening. This

experiment used the same study design as in experiment one, see Section 4.2.1.

5.2.2 Ethical Clearance

This experiment was done simultaneously with experiment one. The same written and
verbal consent was obtained from the subjects before assessments were conducted in
parallel with the first experiment. [IUM Research Ethics Committee (IREC), National
Medical Research Registration (NMRR), and Medical Research Ethics Committee
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(MREC) were approved for this study (see Section 4.2.2). For data collection, the

demographic data form, report form, and consent form are in Appendixes A, B, and C.

5.2.3 Study Population and Location

A total of 50 normal hearing ears from the low-risk ward, Obstetrics & Gynecology
Department, SASMEC ITUM, Kuantan, Pahang were recruited in this study. The subjects
inclusion criteria are as in Section 4.2.4. This study was conducted at [IUM Hearing and
Speech Clinic, Jalan Hospital Campus, [IUM, Kuantan, Pahang. The setting of the study is

shown in Figure 4.1; see Section 4.2.3.

5.2.3.1 Inclusion Criteria

This experiment was done with the same subjects as in experiment one (refer to subsection
4.2.4.1). Hence, the inclusion criteria were infants aged less than 6 months pass hearing

screening with normal outer and middle ear conditions, as described in subsection 4.2.4.1.

5.2.3.2 Exclusion Criteria

The exclusion criteria were any criteria that did not meet the inclusion criteria. For details

on the exclusion criteria of experiment two, see subsection 4.2.4.2.

5.2.4 Instrumentation

The same instruments were used as in experiment one which were Welch Allyn 3.5V
97150-BIM Diagnostic Professional otoscope (Welch Allyn, Inc. Skaneateles Falls, New
York), Grason Stadler Interacoustic (GSI) Tympstar Pro Middle Ear Analyser (Grason
Stadler, Eden Prairie, MN, USA), Two-channel Eclipse ABR Equipment and 170 EP15
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module (Interacoustic A/S. Middelfart, Denmark), and two screening tool forms were used

in this experiment. The particulars were described in subsection 4.2.5.

5.2.4.1 Informed Consent

The same verbal and written consent forms (see subsection 4.2.5.1, Appendix C and D)
were obtained before the assessment. Any data and information gained were permanently

destroyed; see Appendix A and B.

5.2.4.2 Demographic Data Form

The demographic data form consists of the infant demographic data, prenatal and postnatal
history, and preliminary audiological routine test results. The information gained is the

same as in experiment one; see subsection 4.2.5.2 and Appendix E and F.

5.3 DATA COLLECTION PROCEDURE

The data collection procedures were similar to those in experiment one, including the
subject recruitment, pilot study, and preliminary audiological routine test to investigate the
ABR acquisition time (see Section 4.2.6). The data collection procedure for experiment

two will be explained further in the next Section.

5.3.1 Auditory Brainstem Response Assessment

i.  The results from ABR assessment obtained from the three earlier research
objectives in chapter four using NB LS CE-Chirp and tone burst stimuli at three
frequencies (i.e., 500 Hz, 1000 Hz, and 4000 Hz) with intensity levels of 70 and 40

dBnHL were used in this experiment.
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Vi.

The ABR was recorded using an ipsilateral/contralateral electrode configuration
with a non-inverting electrode on the high forehead (Fz), the ground electrode on
the low forehead (Fpz), and an inverting electrode on both mastoids. The artifact
rejection level was set + 40 nV, and the filter setting was set to 33 to 3000 Hz. The
same parameter was used in the first experiment; see Section 4.2.4.1.

In this experiment, to obtain the ABR acquisition time, the ABR recording was

reviewed using two types of stopping criteria, Fmp and visual detection, until the

signal averaging stops at 2500 sweeps.

To quantity the ABR acquisition time, the researcher initiated the ABR assessment

based on N=2500 sweeps (as described in the steps mentioned as follows:

a. In this experiment, the researcher “pauses” the signal averaging immediately as
the Fmp hits 3.1 (Fmp > 3.1). The ABR peaks from the waveforms were plotted
and the number of sweeps was noted (equivalent to the test time). Two
audiologists confirmed the presence or absence of ABR wave V with those
identified by Fmp > 3.1 by looking into the waveform morphology and the
development of the ABRs as the signal averaging continued until 2500 sweeps
to ensure the correct wave V was identified. The Fmp is the statistical F-value
for multiple points and provides a better confidence level and detection rate of
ABR in shorter time. This methodology is to verify whether the detection of Fmp
is equivalent to the gold standard of human visual detection. Thus, the detection
of ABR waves via Fmp and visual detection will be analyzed using sweeps, and
the time taken to get a true ABR wave will be calculated with time.

b. In terms of visual detection technique, the research “paused” the averaging as
soon as the ABR waveform occurred and visually identified by the audiologist.
The wave V was plotted, and the number of sweeps at the point was recorded.

The ABR acquisition time with various combinations of stimulus types,

frequencies, and stopping criteria were documented and analyzed.

The ABR sessions were recorded via Bandicam screen recorder software to record

the details of the ABR waveform data for every pause until the signal averaging

stops to obtain the ABR acquisition time based on Fmp and visual detection.
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Figure 5.1 The Eclipse ABR equipment system carried out the signal averaging evoked
potential for every hundred stimulus presentations.

5.4 DATA ANALYSIS

In this study, the two independent variables involved were the stimulus types (NB LS CE-
Chirp and tone burst) and stopping criteria (Fmp > 3.1 and visual detection). The dependent
variable was the ABR acquisition time. Statistical analysis was used to compare the
acquisition time among the stimulus types and stopping criteria. The analysis was to

determine the accuracy of Fmp < 3.1 detection with visual detection.

5.4.1 Main Variable

The main variable for this experiment is the test time. ABR test time refers to the time
elapsed during ABR acquisition. This study examined the ABR test time required to obtain
a recordable ABR waveform under two conditions which were (1) until the Fmp value
reached or exceeded 3.1, indicating a 99% confidence level in ABR presence (Don et al.,

1984), and (2) until visual identification of Wave V.

ABR recordings were stopped upon satisfaction of either criterion. It is important to
note that the Eclipse ABR equipment employed signal averaging in increments of 100
stimulus presentations (Figure 5.1). Consequently, the number of averages required to
attain an Fmp of 3.1 might have been rounded up to the nearest hundred, potentially

overestimating the actual average count. The ABR test time is calculated based on the
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number of sweeps needed to achieve Fmp > 3.1. The exact acquisition time is determined
by dividing the total number of sweeps used by the stimulus repetition rate, for example,

how many stimuli are presented in seconds.

Test time (seconds):

Number of sweeps per averaging

- — (Equation 5.1)
Stimulus repetition rate

5.4.2 Statistical Analysis

The present study was analyzed using SPSS software version 27.0. The non-parametric
tests used in this research were Friedman test and post-hoc Wilcoxon signed-rank test when
the hypothesis does not assume a normal distribution. In this experiment, the Wilcoxon
signed-rank test was used to compare the acquisition time in two related samples between
NB LS CE-Chirp and tone burst. The Friedman test is a non-parametric test to assess two
factors (i.e. stimulus types and stopping criteria) individually affect a dependent variable
(i.e. acquisition time) and to investigate whether there is an interaction effect between these
two factors. The rationale of chosing Friedman test, as this test is designed for situations
where the same individuals or matched subjects are measured under three or more different

conditions, treatments, or time points. This "within-subjects" design is crucial.

5.5 RESULTS

Table 5.1 showed the number of ABR wave V identification by Eclipse system Fmp > 3.1
versus the number of wave V interpreted by audiologists with frequency specifics (70 and
40 dBnHL) in normal hearing infants. The highest number of wave V identified by Fmp >
3.1 was found from ABR to NB LS CE-Chirp and ABR to tone burst at frequency specifics
(1000 and 4000 Hz) of 70 and 40 dBnHL in all 50 ABR recordings. There was zero (0 %)
discrepancies of ABR wave V identification between Fmp > 3.1 and visual detection as

confirmed by audiologist at 1000 Hz from NB LS CE-Chirp and tone burst stimuli at 70
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dBnHL.

Table 5.1 Number of ABR wave V identification using Fmp 3.1 versus number of wave V
confirmed by an audiologist at frequency specifics and intensities in normal hearing infants.

Stimulus types Stimulus Intensity |[No. of wave V| No. of wave V | Percentages of
frequency (dBnHL) identified confirmed |discrepancies (%)
(Hz) by Fmp=> 3.1 | by Audiologist

NB LS CE-Chirp 500 70 49 48 2.04
Tone burst 49 47 4.08

NB LS CE-Chirp 40 48 46 4.17
Tone burst 47 46 2.13

NB LS CE-Chirp 1000 70 50 50 0
Tone burst 50 50 0

NB LS CE-Chirp 40 50 47 4.00
Tone burst 50 45 10.00

NB LS CE-Chirp 4000 70 50 47 6.00
Tone burst 50 47 6.00

NB LS CE-Chirp 40 50 45 10.00
Tone burst 50 46 4.00

5.5.1 Analyzing acquisition time variations based on combinations of stimulus types
and stopping criteria at 70 and 40 dBnHL

5.5.1.1 Stimulus types (NB LS CE-Chirp versus tone burst)

3.6.1.1.1 70 dBnHL

1. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL is shown in Table 5.2. The Friedman test
identified a significant difference in ABR acquisition time among the different stimulus
types combination (¥* (3) = 37.22, p < 0.001) for 500 Hz at 70 dBnHL. According to post
hoc analysis using the Wilcoxon signed-rank test shown in Table 5.3, 5.4, and 5.5 for ABR
elicited via NB LS CE-Chirp has significantly faster acquisition time (p < 0.001) than tone

93



burst with large effect size (r = 0.54 to 0.79) at 500 Hz in both types of ABR detection
methods. The Z distribution, p-value, and effect size particulars were described in Table
5.3, 5.4 and 5.5, respectively. The ABR acquisition time saving from tone burst to NB LS
CE-Chirp was between 9.01 s to 10.51 s at 500 Hz.

ii. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL was shown in Table 5.2. The Friedman test
identified a significant difference in ABR acquisition time among the different stimulus
types combination (¥* (3) = 54.23, p < 0.001) for 1000 Hz at 70 dBnHL. Based on post hoc
analysis using the Wilcoxon signed-rank test in Tables 5.3, 5.4, and 5.5, the ABR acquired
from NB LS CE-Chirp has significantly faster acquisition time (p < 0.001) than in tone
burst with medium to large effect size (r = 0.41 to 0.74) at 1000 Hz in both types of ABR
detection methods. The Z distribution, p-value, and effect size particulars were described
in Table 5.3, 5.4, and 5.5, respectively. The ABR acquisition time saving from tone burst

to NB LS CE-Chirp was between 4.51 s to 9.01 s at 1000 Hz.

iii. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL was shown in Table 5.2. The Friedman test
identified a significant difference in ABR acquisition time among the different stimulus
types combination (¥* (3) = 11.59, p = 0.009) for 4000 Hz at 70 dBnHL. For 4000 Hz, post
hoc analysis Wilcoxon signed-rank test showed similar ABR acquisition time from both
stimuli using Fmp of 3.1 method (p = 0.46) with small effect size (r = 0.15), whilst ABR
from NB LS CE-Chirp has significantly faster acquisition time (p < 0.001) than tone burst

using visual detection with large effect size (r = 0.79). The Z distribution, p-value, and
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effect size particulars were described in Table 5.3, 5.4, and 5.5, respectively. The ABR
acquisition time saving from NB LS CE-Chirp to tone burst was between 2.95 s to 12.01 s
at 4000 Hz.

3.6.1.1.2 40 dBnHL

i. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL was shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant difference in ABR acquisition time at 40 dBnHL
of 500 Hz (y%* (3) = 14.16, p =0.003). According to the post hoc analysis Wilcoxon signed-
rank test, NB LS CE-Chirp has a faster ABR acquisition time (p < 0.01) than tone burst
with medium to large effect size (r =0.41 to 0.77) at 500 Hz in both types of ABR detection
methods. The Z distribution, p-value, and effect size particulars were described in Table
5.6,5.7, and 5.8, respectively. The ABR acquisition time saving from tone burst to NB LS
CE-Chirp was between 12.02 s to 16.51 s at 500 Hz.

1. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL was shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant ABR acquisition on ABR findings at 40 dBnHL
of 1000 Hz (%* (3) = 42.81, p < 0.001) at 40 dBnHL. For 1000 Hz, ABR to NB LS CE-
Chirp has significantly faster acquisition time than tone burst (p < 0.01) with medium effect
size (r=0.38 to 0.41) in both types of ABR detection methods. The Z distribution, p-value,
and effect size particulars were described in Table 5.6, 5.7, and 5.8, respectively. The ABR
acquisition time saving from tone burst to NB LS CE-Chirp was 15.02 s to 18.02 s at 1000
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Hz.

iii. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL is shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant difference in ABR acquisition time at 40 dBnHL
of 4000 Hz (3* (3) = 21.67, p < 0.001). For 4000 Hz, post hoc analysis Wilcoxon signed -
rank test showed similar ABR acquisition time using Fmp of 3.1 from both stimuli using
(p = 0.062) with small effect size (r = 0.13), whilst ABR from NB LS CE-Chirp has
significantly faster acquisition time (p < 0.001) than tone burst using visual detection
method with large effect size (r = 0.87). The Z distribution, p-value, and effect size
particulars were described in Table 5.6, 5.7, and 5.8, respectively. The ABR acquisition
time saving from tone burst to NB LS CE-Chirp was between 3.00 s to 13.51 s at 4000 Hz.
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Table 5.2 The median and inter-quartile range (IQR) for ABR acquisition time produced via NB LS CE-Chirp and tone burst
stimuli at multiple frequencies and intensities using both stopping criteria in normal hearing infants.

Acquisition time (s) Intensity (dBnHL) Fmp \ Visual
Frequency (Hz)

Stimuli 500 1000 4000 500 1000 4000

NB LS CE-Chirp 70 6.01 4.50 9.01 12.01 12.01 9.01
(9.01) (9.01) (12.76) (9.01) (9.01) (9.01)

Tone burst 16.52 9.01 6.06 21.02 21.02 21.02
(25.33) | (12.76) (9.76) (18.77) | (12.01) (6.76)

NB LS CE-Chirp 40 16.52 12.01 12.01 15.01 15.01 10.51
(27.03) | (2477 | 2L.77) (6.76) (6.77) (9.01)

Tone burst 33.03 30.03 15.01 27.03 30.03 24.02
(40.54) | (45.80) | (27.03) | (15.77) | (21.02) | (12.01)

Table 5.3 Z distribution value from post hoc analysis signed-rank test for acquisition time at multiple stimulus frequencies and

intensities in normal hearing infants

Intensity
(dBnHL)

Stopping
criteria

Stimulus

Frequency
(Hz)

Z-distribution

Fmp

Visual

NB LS CE- Chirp

Tone burst

NB LS CE- Chirp

Tone burst

70

Fmp

NB LS
CE- Chirp

Tone burst

Visual

NB LS
CE- Chirp

Tone burst

*Significant p-value p<0.01, effect size (1>0.3)

1000

4000
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Table 5.4 The p-values of the post hoc analysis Wilcoxon signed-rank test for acquisition time at multiple stimulus frequencies
and intensities in normal hearing infants

Intensity | Stopping | Stimulus | Frequency | p-value
(dBnHL) | criteria (Hz) Fmp Visual
NB LS CE- Chirp Tone burst NB LS CE- Chirp Tone burst
500 500
70 Fmp NBLS
CE-
Chirp
Tone
burst 40005 |
Visual NBLS \
CE- |
Chirp
Tone
burst

*Significant p-value p<0.01, effect size (1>0.3)

*<0.001
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Table 5.5 Effect size (r) for testing time at multiple stimulus frequencies and intensities in normal hearing infant

*Significant p-value p<0.01, effect size (r20.5

Intensity Stopping | Stimulus Frequency | r, effect size
(dBnHL) criteria (Hz) Fmp Visual
NB LS CE- Chirp Tone burst NB LS CE- Chirp Tone burst
500 1000 | 4000 | 500 1000 | 4000 | 500 1000 | 4000 | 500 1000 | 4000
70 Fmp NB LS CE- | 500
Chirp 1000
4000
Tone burst | 500
1000
4000
Visual NB LS CE- | 500
Chirp 1000
4000
Tone burst | 500
1000
4000




001

Table 5.6 Z distribution value from post hoc analysis signed-rank test for acquisition time at multiple stimulus frequencies at 40

dBnHL in normal hearing infants

Intensity
(dBnHL)

Stopping
criteria

Stimulus

Frequency
(Hz)

Z-distribution

Fmp

Visual

NB LS CE- Chirp

Tone burst

NB LS CE- Chirp

Tone burst

40

Fmp

NBLS
CE- Chirp

Tone burst

Visual

NB LS
CE- Chirp

Tone burst

4000

*Significant p-value p<0.01, effect size (1>0.3)
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Table 5.7 The p-values of the post hoc analysis Wilcoxon signed-rank test for acquisition time at multiple stimulus frequencies
at 40 dBnHL in normal hearing infants

Intensity | Stopping | Stimulus | Frequency | p-value

(dBnHL) | criteria (Hz) Fmp Visual
NB LS CE- Chirp Tone burst NB LS CE- Chirp Tone burst

40 Fmp NB LS | *<0.001 |
CE- . |
Chirp .
Tone
burst

Visual NB LS .

CE- |
Chirp
Tone : ‘
burst

4000
*Significant p-value p<0.01, effect size (1>0.3)
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Table 5.8 Effect size (r) for testing time at multiple stimulus frequencies at 40 dBnHL in normal hearing infant

4000
*Significant p-value p<0.01, effect size (1>0.3)

Intensity Stopping Stimulus | Frequency r, effect size
(dBnHL) criteria (Hz) Fmp Visual
NB LS CE- Chirp Tone burst NB LS CE- Chirp Tone burst
500 4000 500
40 Fmp NB LS CE-
Chirp
Tone burst
Visual NB LS CE-
Chirp
Tone burst




5.5.1.2 Stopping criteria (Fmp 3.1 and visual detection)

3.6.1.2.1 70 dBnHL

1. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL are shown in Table 5.2. The Friedman test
revealed a significant difference in ABR acquisition time among the different stimulus and
stopping criteria combination (y* (3) = 37.22, p < 0.001) for 500 Hz at 70 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Table 5.3, 5.4 and 5.5, the
acquisition time was similar between Fmp of 3.1 and visual detection method for both
stimuli (p = 0.048 and p = 0.138) with no/ small effect size (r = 0.03 to 0.15) at 500 Hz.
The Z distribution, p-value, and effect size particulars were described in Table 5.3, 5.4 and

5.5, respectively.

il. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL was shown in Table 5.2. The Friedman test
revealed a significant difference in ABR acquisition time among the different stimulus and
stopping criteria combination (y* (3) = 54.23, p < 0.001) for 1000 Hz at 70 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Tables 5.3, 5.4, and 5.5, the
detection time using Fmp of 3.1 was a significantly faster acquisition time (p < 0.01) than
visual detection with medium effect size (r = 0.31 to 0.41) at 1000 Hz from both NB LS
CE-Chirp and tone burst stimuli. The Z distribution, p-value, and effect size particulars
were described in Table 5.3, 5.4 and 5.5, respectively. The ABR acquisition time saving

from visual detection to Fmp > 3.1 was between 7.51 s to 12.01 s using at 1000 Hz.
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iii. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL are shown in Table 5.2. The Friedman test
revealed a significantly faster ABR acquisition time among the different stimulus types and
detection technique combinations (y* (3) = 11.59, p = 0.009) for 4000 Hz at 70 dBnHL.
The ABR to NB LS CE-Chirp detected using Fmp of 3.1 was significantly faster than the
visual detection method (p < 0.01) with small effect size (r = 0.27). Meanwhile, the ABR
detection using Fmp of 3.1 was significantly faster than visual detection method (p < 0.01)
with large effect size (r = 0.67). The Z distribution, p-value, and effect size particulars were
described in Table 5.3, 5.4 and 5.5, respectively. The ABR acquisition time saving from
visual detection to Fmp > 3.1 was between 0 s to 14.96 s at 4000 Hz.

3.6.1.2.2 40 dBnHL

1. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria.
(Fmp > 3.1 and visual detection) at 40 dBnHL was shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant difference in ABR acquisition time o at 40 dBnHL
of 500 Hz (* (3) = 14.16, p = 0.003) at 40 dBnHL. According to the post hoc Wilcoxon
signed-rank test, ABR to NB LS CE-Chirp using Fmp has faster acquisition time than using
visual detection as stopping criteria (p < 0.001) with medium effect (r = 0.45), whilst ABR
to tone burst has similar acquisition time using both stopping criteria (p = 0.028) but a
different was identified based on the (r = 0.20). The Z distribution, p-value, and effect size
particulars were described in Table 5.6, 5.7, and 5.8, respectively. The ABR acquisition

time saving from Fmp > 3.1 to visual detection was between 1.51 s and 6.00 s at 500 Hz.
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ii. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL are shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant difference in the ABR acquisition time at 40
dBnHL 04000 Hz (%> (3) =42.81,p<0.001) at 40 at dBnHL. From the post hoc Wilcoxon
signed-rank test, the ABR acquisition time from both stopping criteria using both stimuli,
however, was not significantly different based on post hoc analysis (p > 0.01) with no effect
size (r=0.02 to 0.08). The Z distribution, p-value, and effect size particulars were described
in Table 5.6, 5.7, and 5.8, respectively. The ABR acquisition time saving from visual

detection to Fmp > 3.1 was between 0 s to 3.00 s at 1000 Hz.

iii. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL are shown in Table 5.2. Analysis using the
Friedman test demonstrated a significant difference in the ABR acquisition time at 40
dBnHL of 4000 Hz 2 (3) =21.67, p<0.001) at 40 at dBnHL. ABR waveforms using Fmp
of 3.1 has a significantly faster test time (p < 0.001) than visual detection with medium
effect size (r = 0.44) using NB LS CE-Chirp and (r = 0.35) using tone burst at 4000 Hz.
The Z distribution, p-value, and effect size particulars were described in Table 5.6, 5.7, and
5.8, respectively. The ABR acquisition time saving from visual detection to Fmp > 3.1 was

between 1.50 s to 9.01 s at 4000 Hz.
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5.5.1.3 Combinations of stimulus types and stopping criteria

5.6.1.3.1 70 dBnHL

i. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at different frequencies using two types of stopping criteria (Fmp >
3.1 and visual detection) at 70 dBnHL are shown in Table 5.2. The Friedman test revealed
a significant difference in ABR acquisition time among the different stimulus types and
stopping criteria combination (¥* (3) = 37.22, p < 0.001) for 500 Hz at 70 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Table 5.3, 5.4, and 5.5, the ABR to
NB LS CE-Chirp stimulus detected using Fmp of 3.1 method has the fastest acquisition
time (p < 0.001) with large effect size (r = 0.56) than the other combinations. The second
fastest ABR acquisition time is from NB LS CE-Chirp using visual detection (p < 0.001)
with large effect size (r = 0.50) than tone burst using Fmp. ABR to NB LS CE-Chirp using
Fmp has the shortest time, 6.01 s. ABR to NB LS CE-Chirp using visual detection has the
second shortest time, 12.01 s. The longest time is ABR to tone burst using visual detection,

which is about 21.10 s.

ii. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at different frequencies using two types of stopping criteria (Fmp >
3.1 and visual detection) at 70 dBnHL are shown in Table 5.2. The Friedman test revealed
a significant difference in ABR acquisition time among the different stimulus types and
stopping criteria combinations (¥* (3) = 54.23, p < 0.001) for 1000 Hz at 70 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Table 5.3, 5.4, and 5.5, ABR to NB
LS CE-Chirp stimulus using Fmp of 3.1 method has the fastest acquisition time (p <
0.001)than ABR to tone burst using visual detection with large effect size (r = 0.71).ABR

acquisition time was similar between NB LS CE-Chirp using visual detection and tone
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burst using Fmp (p = 0.088) with no effect size (r = 0.09). The ABR acquisition timesaving
from NB LS CE-Chirp using Fmp > 3.1 to tone burst using visual detection was between 0
s to 16.52 s at 1000 Hz. The ABR acquisition time saving from NB LS CE-Chirp using
visual detection to tone burst using Fmp > 3.1 was between 0 s to 3.00 s at 1000 Hz. ABR
to NB LS CE-Chirp using Fmp has the shortest time, 4.50 s. ABR to NB LS CE-Chirp
using visual detection has the second shortest time, 12.01 s. The slowest time combination

was ABR to tone burst using visual detection 21.02 s.

1. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 70 dBnHL was shown in Table 5.2. The Friedman test
revealed a significantly faster ABR acquisition time among the different stimulus types and
detection technique combinations (%* (3) = 11.59, p = 0.009) for 4000 Hz at 70 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Table 5.3, 5.4, and 5.5, ABR to NB
LS CE-Chirp stimulus using Fmp of 3.1 has a significantly faster acquisition time (p <0.01)
than ABR to tone burst using visual detection with large effect size (r = 0.66). However,
ABR acquisition time was similar between NB LS CE-Chirp using visual detection and
tone burst using Fmp (p = 0.137) with no effect size (r = 0.03). The Z distribution, p-value,

and effect size particulars were described in Table 5.3, 5.4, and 5.5, respectively.

3.6.1.3.2 40 dBnHL

1. 500 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL are shown in Table 5.2. The Friedman test

revealed a significant difference in ABR acquisition time among the different stimulus
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types combination (y? (3) = 14.16, p = 0.003) for 500 Hz at 40 dBnHL. According to the
posthoc Wilcoxon signed-rank test in Table 5.3, 5.4, and 5.5, ABR to NB LS CE-Chirp
stimulus using Fmp of 3.1 method has significant faster acquisition time (p = 0.03) than
ABR to tone burst using visual detection with large effect size (r = 0.71). Whilst, ABR to
NB LS CE-Chirp stimulus using visual detection has a faster acquisition time (p < 0.001)
than ABR to tone burst using Fmp > 3.1 with a large effect size (r = 0.71). The ABR
acquisition time saving from NB LS CE-Chirp using Fmp > 3.1 to tone burst using visual
detection was between 0 s to 10.51 s at 500 Hz. The ABR acquisition time saving from NB
LS CE-Chirp using visual detection to tone burst using Fmp > 3.1 was between 0 s to 18.02
s at 500 Hz. ABR to NB LS CE-Chirp using visual detection has the shortest time, 15.01 s.
ABR to tone burst using Fmp has the longest time, 33.03 s.

ii. 1000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL was shown in Table 5.2. The Friedman test
revealed a significant difference in ABR acquisition time among the different stimulus
types combination (> (3) = 42.81, p < 0.001) for a frequency of 1000 Hz at 40 dBnHL.
According to the post hoc Wilcoxon signed-rank test in Table 5.3, 5.4, and 5.5, ABR to NB
LS CE-Chirp stimulus using Fmp of 3.1 method has a significant faster acquisitiontime (p<
0.001) than ABR to tone burst using visual detection with medium effect size (r = 0.44).
ABR to NB LS CE-Chirp stimulus using visual detection has a shorter acquisition time (p<
0.001) than ABR to tone burst using Fmp > 3.1 with a large effect size (r = 0.65). NB LS
CE-Chirp using visual detection, NB LS CE-Chirp using Fmp of 3.1, and tone burst using
Fmp of 3.1. The ABR acquisition time saving from NB LS CE-Chirp using Fmp > 3.1 to
tone burst using visual detection was between 0 s to 18.02 s at 1000 Hz. The ABR
acquisition time saving from NB LS CE-Chirp using visual detection to tone burst using
Fmp > 3.1 was between 0 s to 15.02 s at 1000 Hz. ABR to NB LS CE-Chirp using Fmp has
the shortest time, 12.01 s. ABR to NB LS CE-Chirp using visual detection has the longest
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time, 15.01 s. The slowest time is a combination of ABR to tone burst using Fmp and visual

detection; both were 30.03 s.

1i1. 4000 Hz

The median and interquartile range (IQR) of the ABR acquisition time from NB LS CE-
Chirp and tone burst at multiple frequencies specific using two types of stopping criteria
(Fmp > 3.1 and visual detection) at 40 dBnHL was shown in Table 5.2. The Friedman test
revealed a significantly faster ABR acquisition time among the different stimulus types and
detection technique combinations (¥* (3) =21.67, p <0.001) for 4000 Hz at 40 dBnHL. NB
LS CE-Chirp uses visual detection, NB LS CE-Chirp uses Fmp of 3.1, and tone burst uses
visual detection. The Z distribution, p-value, and effect size particulars were described in
Tables 5.3, 5.4, and 5.5, respectively. According to the post hoc Wilcoxon signed-rank test,
ABR to NB LS CE-Chirp stimulus using Fmp of 3.1 method has a significantly faster
acquisition time (p < 0.001) than ABR to tone burst using visual detection with medium
effect size (r=0.30). ABR to NB LS CE-Chirp stimulus using visual detection has a shorter
acquisition time than ABR to tone burst using Fmp > 3.1 (p = 0.006) with large effect size
(r = 0.56). The ABR acquisition time saving from NB LS CE-Chirp using Fmp > 3.1 to
tone burst using visual detection was between 0 s to 12.01 s at 4000 Hz. The ABR
acquisition time saving from NB LS CE-Chirp using visual detection to tone burst using
Fmp > 3.1 was between 0 s to 4.50 s at 4000 Hz. ABR to NB LS CE-Chirp using visual
detection has the shortest time, 10.51 s. ABR to NB LS CE-Chirp using Fmp has the second
shortest time 12.01s. The slowest time combination using ABR to tone burst visual

detection was 24.02 s.

5.6 DISCUSSION

This section discusses the results of the fourth objective based on the comparison of
stimulus types (NB LS CE-Chirp and tone burst) and stopping criteria (Fmp > 3.1 and

visual detection) at two intensity levels (70 and 40 dBnHL) in normal hearing infants.
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5.6.1 The impact of stimulus types and stopping criteria on ABR acquisition time

5.6.1.1 NB LS CE-Chirp has a shorter ABR acquisition time than tone burst

The present study found that the ABR acquisition time was faster using NB LS CE-Chirp
than tone burst at both 70 and 40 dBnHL either Fmp > 3.1 or visual detection as a stopping
criterion except at 4000 Hz at 70 and 40 dBnHL infants. NB CE-Chirp is a subset of CE-
chirp and was expected to elicit larger wave V amplitudes. This likely results from the
simultaneous depolarization of specific cochlear regions, a characteristic of NB CE-Chirp
stimulus (Ferm et al., 2013; Ferm et al., 2015; Wegner & Dau, 2002; Elberling et al., 2010).
This condition elicited greater ABR waves amplitude and improved signal-to-noise ratio
(SNR); thus, this leads to shorter ABR test times. (Ferm et al., 2013; Ferm et al., 2015;
Wegner & Dau, 2002; Elberling et al., 2010). However, even NB LS CE-Chirp is a non-
monotonic level-dependent stimulus and it is likehood that ABR amplitude reduced due to
broadening neural excitation with increasing stimulus intensity level (Dau et al., 2000).
This broadening neural excitation leads to neural desynchronization in which reduces the
peak V amplitude of the ABR recordings (Cebulla et al., 2010). Therefore, even when
estimated hearing thresholds are normal, prolonged ABR latencies are observed using NB
CE-Chirp stimulus at higher intensities (Rodrigues et al., 2012; Dau et al., 2000). This was
consistent with the current findings, no significant difference in peak V amplitude was

observed between tone burst and NB CE-Chirp stimulus at 70 dBnHL.

The NB CE-Chirp stimulus elicited significantly larger wave V amplitudes than the
conventional click stimulus across all frequencies and intensity levels with the exception
of 80 and 60 dBnHL at 500 Hz, where no significant difference was observed (Cebulla et
al., 2010; Rodrigues et al., 2012). This may be due to the upward spread of excitation, a
phenomenon where the cochlear excitation broadens at higher intensities, leading to a
reduced amplitude response (Fobel & Dau, 2004; Elberling & Don, 2010). In contrast,
Wegner and Dau (2002) compared low frequency chirps and 250 Hz tone burst with similar
duration and spectral content elicited larger ABR amplitudes at low and medium intensity
levels. In the current study, at intensity levels of 40 dBnHL, the amplitude of wave V for

the NB CE-Chirp stimulus was greater than the tone burst stimulus. Figure 4.10 illustrates
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the ABR findings from both stimuli showed wave V was clearly visible in all stimulus
conditions and was consistently larger in amplitude for the CE - Chirp compared to the tone
burst, aligning with previous research (Dau et al., 2000; Fobel & Dau, 2004; Elberling et
al., 2007).

From previous literature, there was no significant difference in the amplitude of
wave V between tone burst and NB CE - Chirp stimuli of 80 dBnHL at higher frequencies
of 1000, 2000, and 4000 Hz (Megha et al., 2019). Whilst, at lower intensity levels of 60,
40, and 20 dBnHL, the amplitude of wave V for NB CE - Chirp stimulus was greater than
the tone burst stimulus (Megha et al., 2019). Previous literature revealed that hearing
thresholds from ABR to NB CE-Chirp and behavioural assessment at 4000 Hz were similar
(Talaat et al., 2020). ABR findings from NB LS CE-Chirp and tone burst elicited larger
ABR amplitude which can improve SNR performance and elicited robust ABR waveforms
at very high intensity levels (Hall III, 2015). Thus, the faster ABR waveform identification
led to reduce ABR testing time. The similarities in ABR acquisition times were expected
to be seen in ABR assessment from both stimuli (NB LS CE-Chirp and tone burst) at higher
frequencies (e.g.., 4000 Hz). Therefore, the shorter ABR acquisition time elicited via NB
LS CE-Chirp translates to potential benefits for both testers (i. e., increased efficiency and
confidence level) and infants (i. e., reduced testing duration and potentially improved
comfort). Integration of Fmp enhances ABR testing effectiveness and demonstrably
reduces the total duration of individual testing sessions (NHSP, 2013; BSA, 2018). This
improvement holds significant value in clinical settings, where infant tolerance for

prolonged testing procedures may be limited.

The enhanced efficiency observed from NB LS CE-Chirp stimulus may be attributed
to improved SNR and stemming from increased neural synchrony. ABR assessment
utilizing NB CE-Chirp stimulus demonstrated reduced acquisition times compared to
tone burst stimulus. This finding aligns with Dau et al. (2000), who proposed that chirp
stimuli shorten testing time by synchronizing the arrival of each frequency component with
its corresponding activation site along the basilar membrane. This compensation

mechanism enhances stimulus efficiency by promoting improved temporal synchronization
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of evoked potential across various neural parts involved in generating not only the auditory

compound action potential but also the ABR and auditory steady state response (ASSR).

Furthermore, this tone burst stimulus has neural synchrony reduction at a lower
intensity level due to the temporal dispersion. Hence, an extended test time is needed to
complete a consistent ABR waveform from tone burst. Although NB LS CE-Chirp
produces a larger amplitude which improves overall SNR, the result was similar as the tone
burst can evoke clearer ABR waveform at high intensity levels (Hall I1I, 2015). The current
study suggested that using NB LS CE-Chirp stimulus in ABR assessments can significantly

improve clinical efficiency by reducing acquisition time.

5.6.1.2 Rapid ABR identification using Fmp > 3.1

The ABR acquisition time was faster using objective algorithm Fmp > 3.1 than the usage
of visual detection as stopping criteria across stimulus types and intensities range.
However, at higher intensity levels of 70 dBnHL, ABR to NB LS CE-Chirp acquisition
time was similar using both detection methods at 500 Hz. At 40 dBnHL, ABR to NB LS
CE-Chirp showed a similar acquisition time at 1000 Hz. For tone burst, ABR showed a
similar acquisition time using both Fmp and visual detection methods at 500 Hz across the
intensities range and 1000 Hz at 40 dBnHL.Previous studies found that ABR to tone burst
and behavioural assessment have similar hearing thresholds at higher frequencies, which
was 4000 Hz (McCreery et al., 2015; Talaat et al., 2020; Gengel & Watson, 1971). Whilst,
Talaat et al. (2020) study revealed that hearing thresholds from ABR to NB CE-Chirp and
behavioural assessment at 4000 Hz were similar too. Thus, at 4000 Hz, the similarities in
hearing thresholds were observed from ABR to NB LS CE-Chirp, ABR to tone burst, and
behavioral assessment. ABR provides thresholds estimation; whilst, behavioral assessment
provides behavioral hearing thresholds. Therefore, similar acquisition times were expected

be seen in ABR to NB LS CE-Chirp and ABR to tone burst at higher frequencies.

The present study found similar acquisition time between NB LS CE Chirp and tone
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burst ABRs at 500 Hz. This indicates that there is no clear advantage of NB LS CE Chirp
over tone burst to improve the test time at the frequency of 500 Hz. Given the acquisition
time is determined either by SNR via Fmp or visual detection, it can be safely to conclude
that the NB LS CE chirp ABR does not provide advantage of SNR that can resulted to time

savings or faster detection by audiologist.

Utilizing Fmp as a stopping criterion effectively improves the ABR test time by
terminating the test once adequate data is acquired, thereby minimizing superfluous
auditory stimulation (Dzulkarnain et al., 2018). This larger amplitude of ABR recordings
may assist the visual detection, specifically at low intensity levels. This feature is
particularly advantageous in infant populations, where minimal testing durations is
important. The objective algorithm Fmp enhances ABR testing efficiency and
demonstrably reducing the total duration of individual testing sessions (NHSP, 2013; BSA,
2018). This improvement holds significant value in clinical settings where infant tolerance
for prolonged testing procedures may be limited. Furthermore, as the Fmp indices rely
solely on SNR, reduced sensitivity is expected. It is crucial to note that comparing methods
solely based on detection rates can be misleading, as those with higher false positive rates
may appear more sensitive than more conservative approaches with lower false positive

rates (Mckearney et al., 2010).

Infants are particularly vulnerable to sensory overload and extended exposure to
auditory stimulus can induce fatigue or discomfort (Graven & Browne, 2008). This
approach ensures that ABR waveforms are captured during periods of optimal
responsiveness of auditory system in infants enhancing the reliability and accuracy of the
test results. Accurate ABR testing is crucial for early identification of hearing impairments,
enabling timely intervention and improved long term outcomes (JCIH, 2009). While the
Fmp offers significant advantages, successful clinical implementation necessitates vigilant

consideration of infant characteristics.

The ABR findings based on visual detection are relied on the tester’s experience and

knowledge. Visual detection is the detection based on manual observation in the ABR
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waveform identification. The visual detection is also influenced by the number of ABR
sweeps compared to Fmp > 3.1. The ABR waveform was seen to be stable with the larger
sweep numbers which made the visual detection tranquil especially ABR recordings from
tone bursts. Determining the ABR thresholds via visual observation can be challenging due
to inherent variability. Additionally, previous study on the confidence level can reduce
inter-audiologist ABR waveform agreement by less than 85% and intra-audiologist ABR
waveform agreement by less than 79% from the visual detection as a stopping criterion
(Dzulkarnain et al., 2014). However, objective algorithms for wave V detection can
mitigate this challenge to a significant extent. To address this issue, researchers have
explored the use of NB CE-Chirps for ABR assessments, as employed in the current study
(Venail et al., 2014). The reason for a higher frequency of tone bursts that showed
significantly faster time in Fmp than visual detection is that a smaller number of sweeps
and SNR improvement are required for clear and robust ABR detection. ABR results using
Fmp need a smaller number of sweeps compared to visual detection because the averaging
to reach Fmp of 3.1 suggests high statistical confidence (99%) of the response is present;
thus, ABR assessment can be stopped immediately (NHS, 2013; BSA, 2018). Moreover,
the larger ABR amplitude from NB LS CE-Chirp has led to shorter acquisition time to
reach Fmp > 3.1 because of SNR improvement. Thus, the ABR assessment can be ended

promptly.

Lower frequency (e.g., 500 Hz) has lower external auditory canal resonance and
requires higher sound pressure levels to activate the apical region of the cochlea. It has been
suggested that the maximum synchronization for 500 Hz occurs at 30 dBnHL (Dau et al.,
2000). Thus, exceeding this level diminishes the amplitude advantage of chirp stimulus
compared to other frequencies. Additionally, since the spectral overlap between tone burst
and chirp stimuli is more pronounced at 500 Hz, the number of activated neural fibers
becomes similar. Consequently, the amplitude advantage of chirp stimulus is less
significant at this frequency (Cobb et al., 2016; Bal et al., 2022). The observed performance
variability including the clinicians unfamiliarity with the simulation software (Vidler &
Parker, 2004). This factor contributed to the variability in ABR interpretation. Hence, better
SNR allows the tester to determine the faster ABR presence elicited from both stopping
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criteria, Fmp and visual detection which results in faster ABR acquisition time. Despite
this, inter-rater reliability among experienced clinicians is notably inconsistent (Cohen et
al., 1978; Vidler & Parker, 2004). As Cohen et al. (1978) emphasized human visual
observation surpasses pattern recognition in inherent subjectivity often results in
discrepancies in visual scoring. Therefore, ABR testing using Fmp 3.1 as a stopping

criterion has a faster testing time than using the visual detection method.

5.6.1.3 The accuracy differences between Fmp > 3.1 and visual detection

The current study described the Fmp accuracy analysis. The results revealed that the
percentage of discrepancies between wave V identification via Fmp > 3.1 by ABR Eclipse
system and wave V confirmed by the audiologist was from the lowest to highest within the
range of 0 % to 10 % in infants. ABR to NB LS Cein add-Chirp and ABR to tone burst at
70 dBnHL have 100 % accuracy (i.e. 0 % discrepancies) of wave V identification using
Fmp > 3.1 compared to visual detection. The current study findings indicate a limitation in
the exclusive reliance on the Fmp > 3.1 as a stopping criterion for ABR recordings in the
clinical setting. The Fmp is a statistical measure of SNR recording and provides a
confidence level for ABR waves reproducibility. The higher Fmp value indicates a better
ABR waveform quality and greater confidence of ABR waves presence or absence in which

facilitate in shorter testing time and better objectivity of the ABR results.

The cut-off Fmp value of 3.1 indicates a 99% confidence that the true deterministic
ABR signals are distinguished from indeterministic noise. At lower intensity levels, less
conservative confidence levels of 95% or 68% (corresponding to Fmp values of 2.25 and
1.85, respectively) may be used. This approach allows Fmp-based detection to converge
with visual detection rates at lower intensity levels. The efficacy for ABR threshold seeking
based on SNR as stopping criterion is empirically validated by the reduction in test duration
demonstrated herein. These time efficiencies serve as a compelling argument for the
integration of NB LS CE-Chirps into audiology clinics, complementing other advantages

documented in the existing literature. The current study findings indicate a limitation in the
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exclusive reliance on the Fmp > 3.1 as a stopping criterion for ABR recordings in the
clinical setting especially at lower intensity levels (e.g. 40 dBnHL), where discrepancies
were observed. Furthermore, a manual evaluation of the SNR from the recorded ABR
waveforms is advised prior to accepting the results or terminating the recording. In the
current study, the limitation was intensity dependent. Therefore, it is recommended that

clinicians use independent judgment.

5.6.1.4 Combinations of NB LS CE-Chirp as a stimulus type and Fmp > 3.1 as a stopping
criteria

The current study findings of ABR acquisition time have been discussed comprehensively
in previous sections. The primary aim is to identify the optimal combination of ABR
parameters that minimizes ABR acquisition time while maintaining diagnostic accuracy.
The optimal combination is defined as the selected combination of independent and
dependent variables within this study that demonstrates greater performance compared to
other combinations. The best combination of stimulus types and detection method is ABR
to NB LS CE-Chirp and Fmp. The current study showed that NB LS CE-Chirp stimulus
using Fmp has a shorter testing time than tone burst due to greater ABR waveform
resolution and larger amplitude that influenced the decision of the tester to confirm the
presence of the ABR waveform. A study by Talaat et al. (2020) studied on ABR test time;
however, did not emphasize on stopping criteria methods. Moreover, Dzulkarnain et al.
(2018) compared NB LS CE-Chirp and tone burst using Fmp and residual noise level
(RNL) in normal hearing adults.

The specific temporal organization of NB LS CE-Chirp stimulus has the ability to
synchronize neural firing across a wide range of auditory nerve fibers that elicit faster and
more synchronized neural responses. This synchronization enhances the clarity and timing
of ABR waveforms resulting in improved SNR that makes it easier to distinguish, detect,
and interpret the ABR in a faster testing time. In addition, the usage of Fmp > 3.1
accurateness and inaccurateness as a standalone ABR waveform identification may

combine with visual observation. There were discrepancies between Fmp and confirmation
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by an audiologist. Employing SNR as the stopping criterion allows for the termination of
the test upon achieving the optimal SNR. This is because further averaging would not
necessarily be completed to achieve a minimal residual noise level (e.g., 40 nV) or a
predefined number of averages (e.g., 2000 sweeps). The current study findings suggested
that using Fmp > 3.1 may activate the auditory pathway more efficiently and lead to faster

identification of the ABR waveform.

As a result, ABR results provide a shorter acquisition time to reach Fmp > 3.1 in
ABR recordings than visual detection in infants, especially in the high frequency range.
This can be explained by the increased sensitivity of cochlear travelling wave delay relative
to frequency specific at higher frequency (Elberling et al., 2010). Fmp > 3.1 is a superior
stopping criterion to visual detection. Thus, this increases the confidence level of the tester,
as 99% of the confidence level using Fmp of 3.1 is present in the ABR (Elberling & Don,
1987). The shortest ABR acquisition time was observed from ABR to NB LS CE-Chirp
using Fmp > 3.1. The longest testing time was observed from ABR to tone burst using

visual detection.

5.7 SUMMARY

This chapter discussed experiment two, which justifies the research objective four. The
research objectives include the evaluation of the ABR acquisition time using different types
of stimuli and stopping criteria. In conclusion, based on the results and discussions

described in the earlier sections of this chapter, the summary is as follows:

1. The best combination of stimulus type and stopping criterion is ABR to
NB LS CE-Chirp with Fmp.
2. The least combination of stimulus type and stopping criterion is ABR to

tone burst with visual detection.
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CHAPTER SIX

SUMMARY, CLINICAL IMPLICATIONS, AND FUTURE
RECOMMENDATIONS

6.1 INTRODUCTION

The outcomes of experiments one and two were explained in-depth in chapter 4 and 5.
Consequently, the current chapter offers a concise overview of each thesis chapter,
highlighting the clinical implications derived from this current study. Additionally, it

addresses the limitations of the study and proposes future recommendations.

6.2 THESIS SUMMARY

In conclusion, the three earlier chapters in this study described in detail the background of
the study, literature review, problem statements, and the gap of the study. Numerous studies
stated that ABR assessment is the gold standard for hearing threshold estimations,
specifically in the infant population. Therefore, the ABR assessment was commonly
employed and was consistent with the JCIH 1-2-3 benchmark recommendation from the
EHDI (2019) program. The suggested FS ABR using conventional stimulus is the tone
burst which usually takes a longer time to produce ABR recordings. This is because of the
natural characteristics of tone burst (see Section 2.3.2.3.2) and the ABR as a far-field
recording that entails a thousand stimuli in order to mend signal averaging using SNR to
acquire the ABR. Therefore, several studies were done to improve ABR findings including
the newly engineered ABR stimulus which is NB LS CE-Chirp. This NB LS CE-Chirp
improved ABR findings in terms of greater neural synchronization and upward spread of
excitation which elicited larger ABR amplitude, improved SNR, and clearer waveform
resolution. These conditions enable the ABR acquisition time to be lessened. Generally, the
research gap, problem statements, and literature reviews lead to the current study. The main
objective of the present study is to examine the efficacy of ABR to NB LS CE-Chirp in
normal hearing infants. The ABR parameter using NB LS CE-Chirp and wave V detection
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using the Fmp objection algorithm was applied to decrease the ABR acquisition time.

In Chapter 4, experiment one demonstrated that NB LS CE-Chirp stimulus elicited
larger ABR amplitudes for all waves I, III, and V compared to tone burst stimulus except
for wave V at 500 and 4000 Hz at 70 dBnHL. However, NB LS CE-Chirp showed larger
amplitude for wave V across the frequency range at 40 dBnHL. NB LS CE-Chirp also
showed shorter ABR absolute latencies for all waves I, III, and V across all stimulus
intensities and frequency ranges. Moreover, hearing threshold estimations via ABR to NB
LS CE-Chirp were significantly lower than ABR to tone burst across frequencies in normal

hearing infants.

In Chapter 5, experiment two revealed that ABR acquisition was influenced by
stimulus types (i.e., NB LS CE-Chirp and tone burst) and stopping criteria (Fmp > 3.1 and
visual detection) in normal hearing infants. ABR to NB LS CE-Chirp with Fmp > 3.1 and
significantly reduced ABR acquisition times in terms of robust waveform that easily detects

amplitude, latency, and hearing threshold estimation in infants.

6.3 CLINICAL IMPLICATION

The outcomes of this study may suggest that NB LS CE-Chirp serve as a feasible substitute
for tone burst in diagnostic assessments of infants. The amplitudes and resulting SNR of
ABR to NB LS CE-Chirps are comparable to those elicited by tone burst. Combinations of
stimulus types of NB LS CE-Chirp and stopping criteria Fmp > 3.1 led to fewer variables
and high assurance of ABR interpretations. As this ABR to NB LS CE-Chirp became rapid
and in estimates of the lower hearing threshold of infants, minimal duration was needed for
ABR testing time and increased ABR appointment sessions per day. This NB LS CE-Chirp
may be needless for anesthetics and sedation medicines. As in previous studies revealed
that a high correlation between NB LS CE-Chirp and behavioural audiogram thresholds
mostly in adult population. In the future, with this latest stimulus of NB LS CE-Chirp,

hopefully, ABR assessment will facilitate in reducing test time, early diagnosis of hearing
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threshold estimations as early as 2 months of age, and early intervention can be received
for those with hearing impairment as recommended by JCIH (2019). This is because early
diagnosis can lead to an early intervention of hearing amplification (e.g., hearing aids or
cochlear implants) and aural rehabilitation. An early intervention may have a huge impact
on speech, language, academic, and psychosocial development. Hence, in terms of rapid
testing time, the waiting list and time could be shortened for audiological services. All of
these conditions mentioned above would lead to a decrement in national expenditure in all

aspects.

These experiments collectively highlight the effectiveness of NB LS CE-Chirp
stimulus and specific parameter modifications in optimizing ABR testing efficiency in
infant populations. The current study has several clinical implications and contributes
significantly to the field of ABR which are testing time efficacy, recommendations for
clinical practice, practical advantages, and greater implications. In terms of time efficacy
in ABR assessment, the current study demonstrates that using NB LS CE-Chirp combined
with Fmp as a stopping criterion significantly reduces ABR test durations in normal hearing
infants. For instance, NB LS CE-Chirp achieved 10.01 seconds per average, faster than
tone burst stimuli with visual detection at 70 dBnHL. Meanwhile, NB LS CE-Chirp
achieved 11.52 seconds per average, faster than tone burst stimuli with visual detection at

40 dBnHL.

In terms of clinical practice recommendation, based on the ABR findings, shorter
ABR acquisition time and larger ABR amplitudes with NB LS CE-Chirp stimulus. The
current study suggested adopting NB LS CE-Chirp by utilising Fmp as a stopping criterion
in clinical settings. This approach allows ABR tests to be conducted more efficiently,
enabling audiologists to complete tests quickly and reducing the need for follow-up
sessions. In addition, implementing ABR to NB LS CE-Chirp with optimized parameters
enhances the feasibility of ABR recordings from relaxed infants during clinical sessions.
This improvement increases the likelihood of testing more infants per session, thereby
optimizing clinical resources and improving overall diagnostic efficacy. By improving the

effectiveness of ABR testing in infants, particularly those with hearing impairments, the
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study contributes valuable insights to the field of pediatric audiology. These insights can
lead to enhanced diagnostic accuracy, reduce testing burdens on both infants and
caregivers, and ultimately improve outcomes in early hearing detection and intervention

programs.

National expenditure saving was the impact of time-saving for hearing assessment,
and this will decrease the time and cost for sedation or anesthetics, and hearing follow-up
appointments. Based on the medical cost per patient calculator (see Appendix la and 1b),
the time for ABR to NB LS CE-Chirp bilateral ears to be completed is approximately 60
minutes. Meanwhile, for ABR to tone burst, both ears were expected to be completed in
approximately 180 minutes. It was observed it was 3 times longer period to complete the
ABR assessment. In terms of cost, ABR to NB LS CE-Chirp costs about RM 93.30, while
ABR to tone burst costs RM 197.70 for each patient. The cost mentioned was the cost per
patient. The average number of infants who needed to do advanced hearing assessment was
approximately 50 patients per month. Therefore, approximately 600 infants were tested
using ABR to NB LS CE-Chirp per year in a hospital, which will cost about RM 55,980.
For ABR to tone burst, the cost is about RM 118 620. This will save the cost of around RM
62,640 per year in a hospital. Generally, the recommendation to adopt the NB LS CE-Chirp
stimulus will save annual costs of approximately RM 2 881 440 in 48 government hospitals

in Malaysia with audiological ABR services.

Moreover, Table 4.5 provides comprehensive descriptive data on ABR waveform
presence across different stimulus types and frequencies. These findings contribute to the
evidence base for optimizing ABR testing protocols in clinical settings, emphasizing the
need for standardized approaches for the infant population that consider both stimulus
characteristics and frequencies ABR specific responses. The findings contribute valuable
knowledge to the field, guiding future research and clinical practices aimed at optimizing

early detection and intervention for auditory disorders in infants.

In conclusion, understanding the variability in ABR responses across different

stimuli and frequencies for better decision-making in clinical settings. Clinicians may
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prioritize NB LS CE-Chirp stimulus, especially when testing infants at lower intensity
levels, to ensure consistent and reliable ABR recordings. This personalized approach is
crucial for optimizing patient care and outcomes in pediatric audiology. The summarization

of the thesis in terms of clinical application is shown in Figure 6.1.
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Figure 6.1 Summary of the thesis in terms of clinical implication.




6.4 LIMITATIONS OF THE STUDY

The limitations of the current study are sample and data limitation. Firstly, in term of the
sample data limitation as this study only involve normal hearing infants. Thus, it limits the
knowledge of ABR parameters and findings for hearing impaired infants such as
conductive hearing loss (CHL), mixed hearing loss (MHL), and sensorineural hearing loss
(SNHL) with variable degree of hearing loss. Secondly, the current study was only done in
infants less than 6 months of age; thus, this limits the generalizability of the ABR findings
from NB LS CE-Chirp and tone burst in older infants and children.

6.5 FUTURE RECOMMENDATION

Future research should aim to validate these findings across broader populations,
encompassing various types and severities of hearing loss. Additionally, longitudinal
studies are recommended to confirm the accuracy of ABR thresholds using NB LS CE-
Chirp in comparison with behavioural audiograms. This study can be enhanced for the
hearing impaired population to discover the outcome of conductive and sensorineural
hearing loss from NB LS CE-Chirp. As this study only used air conduction as the
transducer, it is advisable to investigate bone conduction using NB LS CE-Chirp in the
hearing impaired population. In addition, the ABR stimulus intensity is suggested at every
intensity levels (e.g., 60, 40, and 20 dBnHL). This will expand the usage of NB LS CE-
Chirp. With that, hopefully, NB LS CE-Chirp may facilitate the hearing assessment in
infants for better time-saving, cost-saving, and quality of life. Furthermore, the study
suggests exploring alternative parameters like maximum length sequence (MLS), stimulus
rates, and other objective detection methods such as cross-correlation which were not
employed in this research but could potentially elicit improved outcomes. Moreover, the
current study can suggest that in the future, compiled assessments aligned with a
behavioural hearing assessment to compare the correlation between objective and

subjective hearing threshold levels.
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APPENDIX I

PARTICIPANT INFORMATION SHEET
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PARTICIPANT INFORMATION SHEET

Title : Auditory Brainstem Response to Narrow Band Level Specific
CE-Chirp in Infants

Researcher : Amnah binti Mohamad Noor Master Student Kulliyyah of Allied
Health Sciences International Islamic University Malaysia

Supervisor : Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain Dean (KAHS) /
Lecturer (Audiology) Kulliyyah of Allied Health Sciences
International Islamic University Malaysia

Thank you for your interest to join this study. This information sheet is about a study to
explore the new sound stimulus for hearing assessment in infants. Please read all
information in this sheet. For further information, please contact the researcher; Amnah

binti Mohamad Noor.

Purpose of study
The current Master works aims to investigate the ABR using NB LS CE-Chirp stimulus
among infants. The knowledge is important to better understand the new stimulus and

provides reference for clinical practice in Malaysia.

Background of Study

This study will be divided into two phases. The first phase (Phase 1) is the screening
stage.In the screening stage, the preliminary audiological routine tests will be conducted to
the infants. The caregiver will have to fill in a pediatric history form. The outer ear, middle
ear, and hearing test will be conducted. Participants who failed the screening will be
excluded from the study and referred to related professionals for further management. The
next stage will be conducted after infants pass the screening stage. The second phase (Phase

2) is the main study which is the Auditory Brainstem Response (ABR) assessment. The
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ABR is an assessment for hearing threshold estimation before any intervention given
especially among infants under the age of six months. The ABR assessment is will be done
using to types of stimuli which are narrow band level specific (NB LS) CE-Chirp and tone
burst. All of the assessments will be used are non-invasive procedures. The estimation time
for the study session is about 1.5 hours.

Information in this Participant Information Sheet will be focusing on Phase 2 of the study.

Eligibility of participation
For infants subjects, the inclusion criteria are as follows;
1. Healthy newborn
2. Aged 6 months old and below
3. Type A tympanogram
4. “PASS” automated auditory brainstem response (AABR) screening

However, the participation will be excluded if the infant has otological problem, middle ear

problem or upper respiratory tract infection (URTI), and high risk factors for hearing loss.

Procedures

Phase 2 of the study consists of 1 stage; hearing assessment. Participants need to undergo
this stage to complete the study. Participants who decides to take part will be expected to
complete the consent form and return it to the researcher; Amnah binti Mohamad Noor

before they can proceed to the Screening stage.

In the ABR hearing assessment stage, the infants just need to be in a relax state and if
possible, sleep on the bed or on caretaker’s lap during the recording session to reduce
muscle or movement artifact. No sedatives will be used. ABR will be recorded using four
electrodes. Before placing the electrode, the subject will be prepared by scrubbing the
respective places for electrodes placement using NuPrep Skin Preparation electrode gel.
This session will be held at the [TUM Hearing Clinic, SASMEC ITUM, and Audiology unit,
ORL Department, Hospital Tengku Ampuan Afzan.
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Participation in the study

Your participation is voluntary and based on your own free will. You have the right to
withdraw from the study at any time you wish to do so with no adverse effect. At the point
when you withdraw from the study, any data and information that you provided by then

will be permanently destroyed.

Risks and Benefits

There can be a minimal discomfort during the Auditory Brainstem Response (ABR)
examination when removal of electrodes from the skin. However, the examination will be
conducted by a trained audiologists whom will ensure the safety of the procedure. The
benefit of participating in this study is that the information gathered from this study will be
useful in universal newborn hearing screening (UNHS) program and hearing status

information of the participants itself.

Confidentiality and Anonymity

Your data will be anonymized and treated confidentially. Hard copies of the consent forms
and participant response sheets will be stored separately in locked filing cabinets in the
department’s office, while the soft copies will be saved in a password-protected
computer.Collected data will be analysed andused in the production and presentation of the
thesis. Moreover, a soft copy of the anonymised will be identified with numbering as master

list and the data may be preserved and where appropriate used as teaching materials.

Inquiries
Any inquiries, concerns, or reports regarding your rights as a research subject, please

contact;

Researcher: Supervisor:
Amnah binti Mohamad Noor Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain
amnahmn(@yahoo.com ahmadaidil@iium.edu.my

010-2319427 09-5706400 Ext: 5402
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APPENDIX II

MAKLUMAT KAJIAN
mbNo:| [ [ [ 1|
MAKLUMAT KAJIAN
Tajuk :  Tindak Balas Batang Otak Auditori kepada Tahap Spesifik Jalur

Picik CE-Ciapan pada Bayi

Penyelidik : Amnah binti Mohamad Noor Pelajar Ijazah Sarjana Kulliyah
Sains Kesihatan Bersekutu Universiti Islam Antarabangsa
Malaysia

Penyelia : Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain Dekan (KSKB) /
Pensyarah (Audiologi) Kulliyah Sains Kesihatan Bersekutu
Universiti Islam Antarabangsa Malaysia

Terima kasih kerana berminat untuk menyertai kajian ini. Lembaran ini bertujuan untuk
menerangkan mengenai kajian berkenaan tajuk di atas. Untuk maklumat lebih lanjut, sila

hubungi penyelidik; Amnah binti Mohamad Noor.

Tujuan Kajian

Kajian ini bertujuan untuk memperoleh pengetahuan mengenai ujian pendengaran bayi
menggunakan bunyi stimuli baharu. Ilmu pengetahuan ini penting untuk memahami
fenomena ini dengan lebih baik dan memberikan rujukan untuk amalan klinikal di

Malaysia.

Latar Belakang Kajian

Kajian ini akan dibahagikan kepada dua fasa. Fasa 1 melibatkan fasa saringan pendengaran.
Fasa saringan in ibertujuan menyaring bayi berpendengaran normal Sahaja untuk
keperingkat seterusnya. Fasa 2 ialah fasa kajian utama iaitu ujian pendengaran bayi.
Kesemua ujian dan prosedur yang akan dijalankan terhadap bayi-bayi adalah bukan invasif.
Jangka masa prosedur kajian dijangka selama 1.5 jam. Maklumat kajian ini berfokus

kepada Fasa 2.
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Kriteria Penyertaan
Kriteria penyertaan bagi bayi baru lahir adalah seperti berikut.
1. Bayisihat
2. Berusia 6 bulan dan ke bawah
3. Timpanogram jenis A
4. “LULUS” ujian saringan pendengaran bayi
Bayi yang telah didiagnos dengan masalah telinga luar, telinga Tengah atau jangkitan pada

telinga, hidung, dan tekak, dan bayi yang berisiko untuk mengalami masalah pendengaran.

Prosedur

Penyertaan dalam Kajian

Penyertaan anda adalah sukarela dan berdasarkan kehendak bebas anda sendiri. Anda
mempunyai hak untuk menarik diri dari kajian ini pada bila-bila masa anda mahu
melakukannya tanpa apa-apa kesan buruk. Pada saat anda menarik diri dari kajian, data dan

maklumat yang anda berikan pada masa itu akan dimusnahkan secara kekal.

Risiko dan Manfaat Kajian

Mungkin terdapat sedikit ketidakselesaan semasa ujian pendengaran bayi di mana Ketika
pengeluaran wayar perakam dari kulit bayi. Walaubagaimanapun, pemeriksaan akan
dilakukan oleh audiologis terlatih yang akan memastikan keselamatan prosedur ini.
Maklumat yang dikumpulkan dari kajian ini akan berguna dalam mendiagnos tahap

pendengaran bayi lebih cepat dan spesifik.

Kerahsiaan dan Anonimiti

Data anda akan disimpan tanpa nama dan dijaga kerahsiaannya. Salinan boring persetujuan
dan kertas maklumbalas peserta akan disimpan secara berasingan di cabinet pemfailan yang
terkunci di pejabat, sementara Salinan cetak akan disimpan dalam komputer yang
dilindungi kata laluan. Data yang dikumpulkan akan dilabel dengan nombor sahaja pada
senarai utama. Data ini akan dianalisis dan digunakan dalam penghasilan dan

pembentangan tesis. Salinan lembut data tanpa nama mungkin akan disimpan lama dan
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sekiranyas esuai, akan digunakan sebagai bahan pengajaran dengan mengambilkira aspek

kerahsiaan.

Pertanyaan
Sebarang pertanyaan, kebimbangan, atau laporan mengenai hak anda sebagai subjek

penyelidikan, sila hubungi;

Penyelidik: Penyelia:

Amnah binti Mohamad Noor Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain
amnahmn(@yahoo.com ahmadaidil@iium.edu.my

010-2319427 09-5706400 Ext: 5402
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Title

APPENDIX III

PARTICIPANT CONSENT FORM

[LD.NO.:| | [ [ [ |

PARTICIPANT CONSENT FORM

Auditory Brainstem Response to Narrow Band Level Specific CE-
Chirp in Infants

Researcher : Amnah binti Mohamad Noor Master Student Kulliyyah of Allied

Health Sciences International Islamic University Malaysia

Supervisor : Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain Dean (KAHS) /

Lecturer (Audiology) Kulliyyah of Allied Health Sciences
International Islamic University Malaysia

If you understand the content described in the Participant Research Information Sheet and

agree to participate in this research, please sign in the space provided below.

l.

I have read and been explained on all the information in the Participant
Information Sheet and Participant Consent Form including any information
regarding the risks involved in the study.

I have been given sufficient time to consider the information and understand
the researcher will have the right to answer my queries only before or after the
study session.

I give permission for my child to take part in the above research project at the
Hearing and Speech Clinic, International Islamic University Malaysia, Kuantan
Pahang

I understand that my participation and that of my child’s are voluntary and that
I am free to withdraw my consent at any time without giving a reason.

I give permission for the video and/or audio recordings collected for this study
to be stored, securely and confidentially, for longer than the duration of the

study.
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6. I give permission for video and/or audio recordings of my child and myself to
be used for teaching purposes.

7. I give permission for video recordings and/or audio recordings of my child and
myself to be included in scientific presentations at conferences and meetings
with other academics and professionals working in related area.

8. I'understand that the video recordings and written information about my child
and me will be given a code to keep us anonymous and our names will not be
disclosed.

Participant’s Name: Participant’s MyKid No:
Signature: Date:

Parent’s/Caregiver’s Name: Parent’s /Caregiver’s MyKad No:
Signature: Date:

Researcher’s Name:

Signature: Date:
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APPENDIX IV

BORANG KEIZINAN PESERTA

|[LD.NO.. | [ | | |

BORANG KEIZINAN PESERTA

Tajuk : Tindak Balas BatangOtakAuditorikepadaTahapSpesifik Jalur Picik
CE- Ciapan pada Bayi

Penyelidik : Amnah binti Mohamad Noor Pelajar Ijazah Sarjana
Kulliyah Sains Kesihatan Bersekutu Universiti Islam Antarabangsa

Malaysia

Penyelia : Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain Dekan (KSKB) /
Pensyarah (Audiologi)
Kulliyah Sains Kesihatan Bersekutu Universiti Islam Antarabangsa

Malaysia

Sekiranya anda memahami kandungan yang dijelaskan dalam lembaran Maklumat Kajian
dan bersetuju untuk mengambil bahagian dalam penyelidikan ini, sila masuk ke ruangan

yang disediakan di bawah.

1. Saya telah membaca serta diberikan penjelasan mengenai semua maklumat dalam
Lembaran Maklumat Kajian dan Borang Keizinan Peserta. Ini termasuk sebarang
maklumat mengenai risiko yang terlibat dalam kajian ini.

2. Saya telah diberikan masa yang secukupnya untuk mempertimbangkan maklumat
tersebut, dibenarkan untuk bertanya soalan sebelum dan selepas kajian, dan memahami
penyelidik berhak untuk menjawab hanya sebelum atau selepas kajian dijalankan.

3. Saya membenarkan anak saya untuk mengambil bahagian dalam projek penyelidikan
di atas yang bertempat di Klinik Pendengaran dan Pertuturan, Universiti Islam
Antarabangsa Malaysia, Kuantan, Pahang.

4. Saya faham bahawa penyertaan anak saya adalah sukarela dan bahawa saya bebas
menarik balik kebenaran saya pada bila-bila masa tanpa perlu memberikan alasan.

5. Saya memberi kebenaran agar rakaman video dan / atau audio yang dikumpulkan
untuk kajian ini disimpan secara selamat dan rahsia lebih lama daripada tempoh kajian
ini.
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6. Saya memberi kebenaran untuk rakaman video dan / atau audio anak saya dan saya
digunakan untuk tujuan pengajaran dan pembelajaran.

7. Saya memberi kebenaran agar rakaman video dan / atau rakaman audio anak saya dan
saya disertakan dalam persembahan ilmiah di persidangan saintifik dan perjumpaan
dengan ahli akademik dan profesional lain yang bekerja di bidang berkaitan.

8. Saya faham bahawa rakaman video dan maklumat bertulis mengenai anak saya dan
saya akan diberi kod untuk memastikan kami tidak dikenali dan nama kami tidak akan
didedahkan.

Nama Peserta : Nombor MyKid Peserta:
Tandatangan: Tarikh:

Nama Ibubapa/Penjaga: Nombor MyKad Ibubapa/Penjaga:
Tandatangan: Tarikh:

Nama Penyelidik:

Tandatangan: Tarikh:
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ID No.:

APPENDIX V

DEMOGRAPHIC DATA FORM

[ LD.NO.. | | | | | |
Version: 1.0

Date: 14 March 2023

DEMOGRAPHIC DATA FROM

Gender: MALE/ FEMALE

Date of Birth:

Race:

ANTENATAL/ PRENATAL HISTORY
Gestational age weeks
Mode of birth Normal (SVD): C-Section Operation:
delivery Vacuum: Forceps:
Prenatal/ Antenatal [Yes No If Yes, What
medical history
Consaguinity Yes No If Yes, What
Family historyof  [Yes If Yes, Who
hearing loss INo




POSTNATAL HISTORY

APGAR scores
dan birth weight |APGAR scores: Birth weight: kg
Medical ilnessesi) Ear pain Yes/No
(Please CIRCLE]i) Ear discharge (watery/pus) Yes/ No
one: Yes or No)  |iil) History of ear operation Yes / No
v) Meningitis Yes / No
V) Epilepsy or seizure Yes/ No
vi) Neonatal Jaundice Yes/ No
vii) Head/ Neck injury Yes /No
viii) Physical and nerves impairment Yes / No
iX) Others
Please stated here
Syndrome Yes If Yes, What
No
Hearing screening i) Right ear: Pass Pass Refer Refer
results i) Left ear:
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APPENDIX VI

BORANG DATA DEMOGRAFI

BORANG DATA DEMOGRAFI

No. Kajian:

|[LD.NO.. | [ | | |

Version: 1.0 Date: 14 March 2023

Jantina: L/ P

Tarikh lahir:

Bangsa:

SEJARAH ANTENATAL/ PRENATAL:

Tempoh mengandung minggu

Mod kelahiran Normal (SVD): Pembedahan (C-Section):
Vakum: Forsep:

Masalah semasa [Ya Sekiranya Ya, Nyatakan

mengandung/ melahirkan/Tidak

anak

Anda dan suamiYa Sekiranya Ya, Nyatakan

mempunyai hubungan(Tidak

persaudaraan

Ahli keluarga bermasalah  [Ya Sekiranya Ya, Nyatakan siapa

pendengaran sejak lahir  [Tidak
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SEJARAH POSTNATAL
Skor APGAR dan berat
semasa lahir Skop APGAR: Berat: kg
Masalah kesihatan lain (Sila[x) Sakit telinga Ya/ Tidak
bulatkan salah satu: Ya atau [xi) Keluar cecair dari telinga Ya/ Tidak
Tidak) Xii) Pembedahan telinga Ya/ Tidak
Xiil) Jangkitankuman pada otak Ya/ Tidak
XiV) Sawan Ya/ Tidak
XV) Demam kuning / jaundis Ya/ Tidak
XV1) Kecederaan di kepalaatauleher ~ Ya/ Tidak
XVii) Perkembanganfizikal&saraf Ya/ Tidak
XViil) Lain-lain Ya/Tidak
Nyatakan ......................
Sindrom Ya Sekiranya Ya, Nyatakan
Tidak
Keputusan ujian saringan  iii) Telinga kanan: Lulus Gagal
pendengaran 1v) Telinga kiri: Lulus Gagal
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APPENDIX VII

CASE REPORT FORM
[ LD.NO.:| [ [ [ |

Version: 1.0 Date: 14 March 2023

AUDIOLOGY CLINIC KEMENTE:T;MNWD:/ESIHATAN

MALAYSIA
CASE REPORT FORM

ID No.: Gender: MALE/ FEMALE
Date of Birth: Race:
PRELIMINARY TESTINGS:
OTOSCOPE EXAMINATION:
Right Ear
Left Ear

TYMPANOMETRY EXAMINATION:

Right Ear

Left Ear
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HEARING SCREENING ASSESSMENT (AABR):

Right Ear
Left Ear

RESEARCH:
HEARING ASSESSMENT (ABR):
Stimulus 1: Narrow band level specific (NB LS) CE- Chirp

Right ear Left ear

Frequencies (Hz) [S00 1000 4000 500 1000 4000

deciBels (dB)

Stimulus 2: Tone burst

Right ear Left ear
Frequencies (Hz) 500 1000 4000 500 1000 4000
deciBels (dB)
Summary:
Right Ear
Left Ear

Audiologist,

(PEGAWAI PEMULIHAN PERUBATAN(PENDENGARAN))

172



APPENDIX VIII

BORANG LAPORAN PESAKIT

[ LD.NO.. | | | | | |

VERSION: 1.0
Date: 14™ March 2023

Q eV __J,
NN

e
KEMENTERIAN KESIHATAN
MALAYSIA

AUDIOLOGY CLINIC

BORANG LAPORAN PESAKIT
No. Kajian: Jantina: L/ P

Tarikh lahir: Bangsa:

PRA KAJIAN:

UJIAN OTOSKOPI:

Telinga kanan

Telinga kiri

UJIAN TIMPANOMETRI:

Telinga kanan

Telinga kiri
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UJIAN SARINGAN PENDENGARAN (AABR):

Telinga kanan

Telinga kiri

KAJIAN:
UJIAN PENDENGARAN BAYI (ABR):
Stimuli 1: Narrow band level specific (NB LS) CE- Chirp

Telingakanan Telingakiri
Frekuensi (Hz) 500 1000 4000 500 1000 4000
desiBel (dB)
Stimuli 2: Tone burst
Telingakanan Telingakiri
Frekuensi (Hz) 500 1000 4000 500 1000 4000
desiBel (dB)
Kesimpulan:
Telinga kanan
Telinga Kiri
Audiologis,

(PEGAWAI PEMULIHAN PERUBATAN(PENDENGARAN)
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APPENDIX IX

KPGRC

(PR PP E P W ™Sl LEADING THE WAY

ICHALIFAH < AMANAH - SORA” - RAHMATAN UL ALAMIN
INTERNATIONAL SLAMIC SKIVERSITY MALATSIA
T /‘.nm- N Ny
Ll I aancsy
Garden of Knowiedge and Virtus

SUSTAINABILITY INSTITUTION OF THE YEAR

Our Ref.: IUM/310/14/11/2
Date: 28" March 2023

PROF. DR. AHMAD AIDIL ARAFAT DZULKARNAIN

Department of Audiology and Speech-Language Pathology (DASLP)
Kulliyyah of Allied Health Sciences

(PG Student: Sr. Amnah binti Mohamad Noor — G2217364)

FUETSPSUTEL TP U PA PO |

Dear Dr.,
ID NUMBER :  KAHS 44/23
PROJECT TITLE : AUDITORY BRAINSTEM RESPONSE TO NARROW BAND LEVEL SPECIFIC
CE-CHIRP IN INFANTS i
G ) o
May this letter reach you in the best of Iman and health by the grace of Allah Subhanahu Wa Ta‘ala. R ...
ISTITUTION OF THE TEAR

Please be informed that the study protocol was tabled and discussed in the Kulliyyah Postgraduate and
Research Committee [KPGRC] Meeting No. 2/2023 on the 27" March 2023. After due deliberation, the
decisions of the Committee are as follows:

1. Approved.

2. Approved subject to modifications that do not require resubmission.

3. Approved subject to modifications that require resubmission. [Conditional approval]

4

Resubmission of application form and all relevant materials.

00004

5. Rejected.

Thank you, —~M2ls

AsSSOC. Bﬁlb%ﬁkﬁﬁﬁ BIN IBRAHIM

Deputy Dean
Kulliyyah Postgraduate and Research Committee (KPGRC)

Copy to : Head of Research, Kulliyyah of Allied Health Sciences
: KPGRC File

KULLIYYAH OF ALLIED HEALTH SCIENCES (KAHS)
International Istamic University Malaysia, Jalan Sultan Haji Ahmad Shah, Bandar indera 25200 Pahang Darul
{Company No: 101067-P)
Tel: +609 571 6400 Fax: +609571 6776 Website: Jdlumedu
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APPENDIX X

IREC

« RAHMATAN UL ALAMIN

l-lx!-“-ll-lllulﬂlldn‘ﬂli\" LFAPI!‘G . E' WAY. SUSTAINABILITY INSTITUTION OF THE YEAR

RESEARCH MANAGEMENT CENTRE (RMC)

Our Ref. : IUM/504/14/11/2/ IREC 2023-065
Date 5 17 April 2023

Prof. Dr. Ahmad Aidil Arafat bin Dzulkarnain (Principal Investigator)
Kulliyyah of Allied Health Sciences

UM Kuantan Campus

25200 Kuantan Pahang

Dear Prof. Dr., m

The ITUM Rescarch Ethics Committee (IREC) has reviewed your study protocol as mentioned

below:- uni Twin
ID NO. : IREC 2023-065 - )
RESEARCH TITLE : Auditory Brainstem Response To Narrow Band Level i = 4ok Soriy
Specific CE-CHIRP In Infants n%
REGISTRATION DATE : 28 Mar 2023
CO-INVESTIGATOR : 1. Asst. Prof. Dr. Saiful Adli bin Jamaluddin
2. Asst. Prof. Dr. Sarah binti Rahmat
STUDENT : Amnah Binti Mohamad Noor Gnearen Gomans
STUDY SITE : 1. Audiology Unit, Otorhinolaryngology Department, < ==

Sultan Ahmad Shah Medical Centre (SASMEC)IIUM, o
Jalan Sultan Haji Ahmad Shah, Bandar Indera Mahkota,

LA, v e,

25200 Kuantan, Pahang

2. ITUM Hearing and Speech Clinic, Jalan Hospital ‘Mm

Campus, 25100 Kuantan, Pahang FOUCATION AWARD 393
SAMPLE SIZE : 238 cars Promier
ETHICAL EXPIRY DATE : 16 April 2024 Dmf

The IIUM Research Ethics Committee (IREC) operates in accordance to the Declaration of
Helsinki, International Conference of Harmonizaton Good Clinical Practice Guidelines ICH -GCP),
Malaysia Good Clinical Practice Guidelines and Coundl for Intemational Organizations of Medical
Sciences (CIOMS) International Ethical Guidelines L=

hd

The following documents have been recerved and reviewed to the above study:-

) 2 Study Proposal/Protocol: Version 1, dated 17 Mar 2023
2. Informed Consent Form (ICF) —
1. Information Sheet (English) — Version 1, dated 14 Mar 2023
i.  Consent Form (English) - Version 1, dated 14 Mar 2023
u.  Information Sheet (Malay) — Version 1, dated 14 Mar 2023
iv. Consent Form (Malay) - Version 1, dated 14 Mar 2023
Case Report Form - Version 1, dated 14 Mar 2023
Approval Letter from Kulliyyah of Allied Health Saences, [TUM
Principal Investigator’s CV

o

Research Management Centre
Istamic L y Jalan 53100 Kuala Lumpur
Telephone: (+603' 6421 5m2/5010| Fax: (+603) 6421 4862
Emat. rescenye@sum.edumy | htps:fwww. lum.edu my/centresmc
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APPENDIX XI

MREC
[ LD.NO..| | | |

JAWATANKUASA ETIKA & PENYELIDIKAN PERUBATAN /-’wg
(MEDICAL RESEARCH & ETHICS COMMITTEE) g WP
KEMENTERIAN KESIHATAN MALAYSIA {'Qj
MINISTRY OF HEALTH MALAYSIA Seramrs
Kompleks Institut Kesihatan Negara (NIH)
No.1, Persiaran Setia Mumi U13/52,
Seksyen U13 Setia Alam,
40170 Shah Alam, Selangor. Tel.: +(6)03-33628888/ 33628205

Ruj.Kami/ Ref.: 23-01821-J12
Tarikh/ Date : 27-09-2023

AMNAH BINTI MOHAMAD NOOR
INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA (llUM)- KUANTAN CAMPUS

Dato’/ Dr/ Tuan/ Puan,

SURAT KELULUSAN ETIKA/ LETTER OF ETHICAL APPROVAL:

NMRR 1D-23-01821-J12 (lIR)
AUDITORY BRAINSTEM RESPONSE TO NARROW BAND LEVEL SPECIFIC CE-CHIRP IN

INFANTS

Dengan hormatnya perkara di atas adalah dirujuk.
This letter is made in reference to the matter above.

2. Bersama dengan surat ini dilampirkan surat kelulusan saintifik dan etika bagi projek ini. Segala
rekod dan data subjek adalah SULIT dan hanya digunakan untuk tujuan kajian dan semua isu serta
prosedur mengenai data confidentiality mesti dipatuhi. Kebenaran daripada Pengarah Hospital /
Institusi di mana kajian akan dijalankan mesti diperolehi terlebih dahulu sebelum kajian dijalankan.
Dato'/ Tuan/ Puan perlu akur dan mematuhi keputusan tersebut dan undang-undang lain yang
berkaitan.

The Medical Research and Ethics Committee (MREC), Ministry of Health Malaysia (MOH) has
provided ethical approval for this study. Please take note that all records and data are to be kept
strictly CONFIDENTIAL and can only be used for the purpose of this study. All precautions are be
taken to maintain data confidentiality. Permission from the District Health Officer / Hospital
Administrator/ Hospital Director and all relevant heads of departments /units where the study will
be carried out must be obtained prior to the study. You are required to follow and comply with their
decision and all other relevant regulations.

3. Penyelidik- penyelidik dan lokasi penyelidikan yang terlibat ialah:

The investigators and sites involved in this study are:

Hospital Tengku Ampuan Afzan, Kuantan
Amnah Binti Mohamad Noor (Penyelidik Utama/ Principal Investigator)

Wan Mohd Ashrul Bin Wan Mahamad Lokman

International Islamic University Malaysia (IUM)- Kuantan Campus
Amnah Binti Mohamad Noor (Penyelidik Utama/ Principal Investigator)
Ahmad Aidil Arafat Bin Dzulkarnain

Saiful Adli Bin Jamaluddin

Sarah Binti Rahmat

Sultan Ahmad Shah Medical Centre (SAS Medical Centre)
Amnah Binti Mohamad Noor (Penyelidik Utama/ Principal Investigator)

...14-

177



Ruj.Kami/ Ref. 23-01821-J12

4. Dokumen- dokumen kajian berikut telah diterima dan disemak dengan merujuk kepada kajian di
atas:

The following study documents have been received and reviewed with reference to the above
study:

Senarai dokumen yang diterima dan disemak/ List of documents received and reviewed:

1. Suratiringan kepada JEPP
Cover letter to MREC
(Versi/ Version 1.2, bertarikh/ dated 05-09-2023)

2. Pengisytiharan Konflik Kepentingan
Declaration of Conflict of Interest (COI)
(Versi/ Version 5, bertarikh/ dated 05-09-2023)

3. Protokol
Protocol
(Versi/ Version 1.2, bertarikh/ dated 05-09-2023)

4. Borang persetujuan ibu bapa
Parental agreement form
Versi Bahasa Inggeris/ English version (Versi/ Version 1.2, bertarikh/ dated 05-09-2023)
Versi Bahasa Melayu/ Malay version (Versi/ Version 1.2, bertarikh/ dated 05-09-2023)

5. Borang pengumpulan data
Data collection form
(Versi/ Version 1.1, bertarikh/ dated 14-07-2023)

6. Borang soal selidik
Questionnaire
Versi Bahasa Inggeris/ English version (Versi/ Version 1.1, bertarikh/ dated 14-07-2023)
Versi Bahasa Melayu/ Malay version (Versi/ Version 1.1, bertarikh/ dated 14-07-2023)

7. Carta Gantt
Gantt Chart
(Versi/ Version 1.2, bertarikh/ dated 05-09-2023)

8. Borang IA-HOD-IA, Curiculum Vitae (CV) dan sijil Good Clinical Practice (GCP)
IA-HOD-IA form, Curiculum Vitae (CV) and Good Clinical Practice (GCP) certificate of:
e Amnah Binti Mohamad Noor
e Wan Mohd Ashrul Bin Wan Mahamad Lokman

9. Curiculum Vitae (CV)
Curiculum Vitae (CV) of:
o Ahmad Aidil Arafat Bin Dzulkarnain
o Saiful Adli Bin Jamaluddin
e Sarah Binti Rahmat
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5. Adalah dimaklumkan bahawa kelulusan ini adalah sah sehingga 26-09-2024. Tuan/ Puan perlu

menghantar dokumen-dokumen seperti berikut selepas mendapat kelulusan etika. Borang-borang
berkaitan boleh dimuat turun daripada laman web National Medical Research Registry (NMRR).

Please note that the approval is valid until 26-09-2024.The following are to be reported upon
receiving ethical approval. Required forms can be obtained from the National Medical Research
Registry (NMRR) website.

Continuing Review Form harus dihantar kepada JEPP selewat-lewatnya dalam tempoh 2
bulan (60 hari) sebelum tamat tempoh kelulusan ini bagi memperbaharui kelulusan etika.

Continuing Review Form has to be submitted to MREC within 2 months (60 days) prior to the
expiry of ethical approval.

Study Final Report (Closure Notification) harus dihantar kepada JEPP pada penghujung
kajian.

Study Final Report (Closure Notification) has to be submitted to MREC upon study
completion.

Mendapat kelulusan etika sekiranya terdapat pindaan ke atas sebarang dokumen kajian/
lokasi kajian/ penyelidik. Pihak JEPP mempunyai hak untuk menarik balik kelulusan etika
sekiranya terdapat perubahan dokumen kajian yang tidak diisytiharkan.

Ethical approval is required in the case of amendments/ changes to the study documents/
study sites/ study team. MREC reserves the right to withdraw ethical approval if changes to
study documents are not completely declared.

Kajian berkenaan intervensi klinikal sahaja: Laporan mengenai all Serious Adverse Events
(SAEs), Suspected Unexpected Serious Adverse Reaction (SUSARs) dan Protocol
Deviation/Violation di lokasi kajian yang diluluskan oleh JEPP jika berkenaan. SAE perlu
dilaporkan dalam tempoh 15 hari kalender dari kesedaran kejadian (awareness of event) oleh
penyelidik. Laporan awal SUSAR perlu dikemukakan seawal mungkin tapi tidak melewati 7 hari
calendar dari kesedaran kejadian oleh penyelidik, disusuli dengan laporan lengkap dalam
tempoh tambahan 8 hari kalender.

Applicable for Clinical interventional Studies only: Report occurrences of all Serious
Adverse Events (SAEs), Suspected Unexpected Serious Adverse Reaction (SUSARs) and
Protocol Deviation/Violation at all MREC approved sites to MREC. SAEs are to be reported
within 15 calendar days from awareness of event by investigator. Initial report of SUSARs are
to be reported as soon as possible but not later than 7 calendar days from awareness of event
by investigator, followed by a complete report within 8 additional calendar days.

6. Bilangan subjek/ pesakit/ responden yang akan terlibat dalam kajian ini di Malaysia adalah

seramai 119 orang.
There will be 119 subjects/ patients/ respondents involved in this study within Malaysia.

Sila ambil maklum bahawa sebarang urusan surat-menyurat berkaitan dengan penyelidikan ini
haruslah dinyatakan nombor rujukan surat ini untuk melicinkan urusan yang berkaitan.

Please take note that the reference number of this letter must be stated in all future correspondence
related to this study to facilitate the administrative processes.
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Ruj.Kami/ Ref. 23-01821-J12

8. Jawatankuasa Etika & Penyelidikan Perubatan, Kementerian Kesihatan Malaysia, beroperasi
mengikut Council for Harmonization of Technical Requirements for Pharmaceuticals for Human
Use (ICH). Mana-mana ahli JEPP yang terlibat dalam kajian/ projek yang dinilai tidak akan
mengambil bahagian dalam kelulusan kajian/ projek.

The Medical Research & Ethics Committee, Ministry of Health Malaysia, operates in accordance
to the International Council for Harmonization of Technical Requirements for Phamrmaceuticals for
Human Use (ICH). Any member of the MREC who is involved in the study/ project under review
will not participate in the approval of the study/ project.

Lokasi kajian/ Project Sites:

HOSPITAL TENGKU AMPUAN AFZAN, KUANTAN

INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA (IlUM)- KUANTAN CAMPUS
SULTAN AHMAD SHAH MEDICAL CENTRE (SAS MEDICAL CENTRE)

Keputusan Jawatankuasa Etika & Penyelidikan Perubatan/
Decision by Medical Research & Ethics Committee:

(v ) Lulus/ Approved

( ) Tidak lulus/ Disapproved

Tarikh Kelulusan Etika/ Date of Ethical Approval: 27-09-2023

Sekian terima kasih.
Thank you.

"MALAYSIA MADANI"
"BERKHIDMAT UNTUK NEGARA”

Saya yang menjalankan amanah,
| who camy out the trust,

DR. NURAIN BINTI MOHD NOOR

Pengerusi/ Chairperson

Jawatankuasa Etika & Penyelidikan Perubatan/ Medical Research & Ethics Committee
Kementerian Kesihatan Malaysia/ Ministry of Health Malaysia

(No. MPM/ MMC No: 31576)

MRE C_Share\Approval 2023\Expedited by Primary Reviewer\September 2023\23-01821-J12
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APPENDIX XII

SASMEC APPROVAL

L e | SUSTABABITY WSTTUTION GF T A

T T T SULTAM AHMAD SHAH MIDICAL CENTRIE & 1R

Ref : HUM413013M 41 101IR22-25
Date 21 July 2023

Prof. Or. Ahmad Aidil Arafat Bin Dzulkamain
Departrnent of Audiclogy end Spesch- Language Pathalogy
Fulliyyah of Alked Heslth Sciences

International Islamic University Malaysia

Dear Frof. Dr.

APPROVAL TO CONDUCT RESEARCH AT SULTAN AHMAD SHAH MEDICAL m
CEMTRE i@ium

L TR
hay this email reechsd you in the best of heslth -
The above matter is kindly refermed. .,-."-‘..','.-:‘;.:.“

Wile would like to inform you that your student’s application to conduct research
activities in Sultan Ahmad Shah Medical Centre @1ILUM has been approved.

The details of the research stedy as below: L~ ay

e

Mame . Amnah Binti Mohamad Moor i“_,
Research Title . Auditory Brainstem Response to Marrow Band Level =
Specific Ce-Chirp in Infants EE-:'—'
Focus of research 1. Department of Ear, Mose & Throat
2. Department of Obstetrics & Gypascology, m
Dwuration of , o

research 20 July 2023 until 28 July 2024

If you hawe any inquiry, please do not hesitate to contact: g

1) Sr. Amira Farhana Mohd Maizam 08-521 2581/ Lk o
amiramaizamiiEiium. eduw.my

2} Er. Mur Hanis Asesrsh Bt Rostam 00-501 2500, gt 1115/ m
hanisaseerah@ium.adu.

“our kind attention is highly appreciated.

=
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APPENDIX XIII

ESTIMATION COST FOR ABR TO TONE BURST PER PATIENT

Steps

Notes

Calculations
(RM)

NE

Define the unit of
service:

ABR to Tone Burst in infants

Determine the number
of units of service
provided in the define
time period:

10000 infants in 2024

3

Calculate the direct
costs:

/Audiologist cost:

Salary and benefits of RM 74 400 per year + 37
work weeks per year +

40 work hours per week + 60 minutes per hour 156.60
= RM 0.87 per minute x 180 minutes required
b |Assistant nurse cost: Salary and benefits of RM 21 600 per year +
37 work weeks per year + 2.70
40 work hours per week + 60 minutes per hour
= RM 0.18 per minute x 15 minutes required
¢ |[Receptionist cost: Salary and benefits of RM 72 0000 per year +
37 work weeks per year
+ 40 work hours per week + 60 minutes per 3.00
hour = RM 0.30 per minute x 10 minutes
required
c [Disposable resources: |Per practice 30.00
TOTAL direct costs per
unit of service 192.30
4 (Calculate the indirect
costs:
Rent, utilities, etc: Electricity 20000/year|
Other: 2000.00,
TOTAL: 22000.00
Basis of allocation: Percentage of total visits
IAllocation rate: 20 % of patients visit in 2024 are ABR in infants| 10000 x 0.2 =
2000
Number of units of From step 2, above 10000 + 2000
service provided:
TOTAL indirect costs
per unit of service: 5.00
5 |Calculate depreciation
and the
value of donated
| _|goods and services:
Initial cost of equipment
associated 100000.00
with the service:
Resale value at the end
of its useful -60000.00

life:
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TOTAL:

40000.00

Estimated years the
practice will use
the equipment:

40000 + 10

Basis of allocation: Ratio of total visits years=4000
IAllocation rate: 20 % of patients visit in 2024 are ABR in infants| 4000 x 0.20=

800
Number of units of From step 2, above 800 + 2000
service provided:
TOTAL depreciation per
unit per service: 0.40
Donated goods: Calculate depreciation in the same manner as -

above
\Volunteer time: Market value x allocation rate + number of units g
of service

TOTAL depreciation and
donated goods and
services per unit per 0.40
service:
Calculate the unit
cost:
Total from step 3: 192.30
[Total from step 4: 5.00
[Total from step 5: 0.40
TOTAL cost per unit of RM 197.70
service:
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APPENDIX XIV

ESTIMATION COST FOR ABR TO NB LS CE-CHIRP PER PATIENT

No.Steps Notes Calculations
(RM)
1 Define the unit of ABR to NB LS CE-Chirp in infants
service:
2 Determine the number (10000 infants in 2024

of units of service
provided in the define

time period:

Calculate the direct

costs:

IAudiologist cost:

Salary and benefits of RM 74 400 per year + 37

work weeks per year

+ 40 work hours per week + 60 minutes per hour 52.20
= RM 0.87 per minute x 60 minutes required
b |Assistant nurse cost: Salary and benefits of RM 21 600 per year + 37
work weeks per year
+ 40 work hours per week + 60 minutes per hour 2.70
= RM 0.18 per minute x 15 minutes required
¢ [Receptionist cost: Salary and benefits of RM 72 0000 per year + 37
work weeks per year 3.00
+ 40 work hours per week + 60 minutes per hour
= RM 0.30 per minute x 10 minutes required
¢ [Disposable resources: Per practice 30.00
TOTAL direct costs per
unit of service 87.90
4 (Calculate the indirect
costs:
Rent, utilities, etc: Electricity 20000/year
Other: 2000.00
TOTAL: 22000.00
Basis of allocation: Percentage of total visits
Allocation rate: 20 % of patients visit in 2024 are ABR in infants 10000 x 0.2 =
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2000

Number of units of service [From step 2, above 10000 + 2000
provided:
TOTAL indirect costs per
unit of service: 5.00
Calculate depreciation
and the value of
donated goods and
services:
Initial cost of equipment
associated 100000.00
with the service:
Resale value at the end of
its useful -60000.00
life:
TOTAL: 40000.00
Estimated years the
practice will use
the equipment:
40000 + 10

Basis of allocation: Ratio of total visits years=4000
Allocation rate: 20 % of patients visit in 2024 are ABR in infants 4000 x 0.205

800
Number of units of service [From step 2, above 800 + 2000
provided:
TOTAL depreciation per
unit per service: 0.40
Donated goods: Calculate depreciation in the same manner as -

above
\Volunteer time: Market value x allocation rate + number of units of -
service

TOTAL depreciation and
donated goods and
services per unit per 0.40

service:

Calculate the unit cost:
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Total from step 3: 87.90
Total from step 4: 5.00
Total from step 5: 0.40
TOTAL cost per unit of RM 93.30
service:
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APPENDIX XV

RISK INDICATORS ASSOCIATED WITH PERMANENT
CONGENITAL, DELAYED-ONSET, OR PROGRESSIVE HEARING
LOSS IN CHILDHOOD LOSS ACCORDING TO JCIH (2019)

Perinatal Risk Indicators

Birth and Family History Section of Risk Assessment Form
1. Ahistory of family members of early progressive or delayed onset, permanent
hearing loss in childhood.
Neonatal Intensive care of more than five days.
Hyperbilirubinemia requiring exchange transfusion.
Aminoglycoside administration greater than 5 days duration.
Asphyxia and or hypoxic ischemic encephalopathy.
Extracorporeal membrane oxygenation (ECMO.)
In-utero infections such as herpes, rubella, syphilis, and toxoplasmosis.

In-utero infections with cytomegalovirus (CMV)

A e A T

Mother + Zika and infant with laboratory findings of Zika - clinical findings

CHILD AND FAMILY HEARING HISTORY AND
* JCIH RISK A SSESSMENT 2
1. Certain birth conditions or findings:
2. Craniofacial anomalies including microtia, atresia, ear dysplasia, white forelock,
and microphthalmia.
3. Congenital microcephaly, congenital or acquired hydrocephalus.
4. Temporal bone anomalies
5. Over 400 syndromes have been identified with atypical hearing thresholds for

more information refer to Hereditary Hearing Loss (hereditaryhearingloss.org).

Summary of genes identified to date*
1. Alport Syndrome
2. Branchio-Oto-Renal Syndrome
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https://hereditaryhearingloss.org/alport
https://hereditaryhearingloss.org/bor

CHARGE Syndrome
Heimler Syndrome

Jervell & Lange-Nielsen Syndrome

3
4
5
6. Norrie Disease
7. Pendred Syndrome
8. Perrault Syndrome
9. Stickler Syndrome
10. Treacher Collins Syndrome
11. Usher Syndrome
12. Waardenburg Syndrome
Total nonsyndromic hearing loss associated genes: 154
Autosomal dominant nonsyndromic hearing loss associated genes: 63 Autosomal
recessive nonsyndromic hearing loss associated genes: 87 Sex-linked nonsyndromic

hearing loss associated genes: 7 Mitochondrial nonsyndromic hearing loss associated

genes: 9 Auditory neuropathy associated genes: 5

1. Postnatal Risk Factors
Child’s Postnatal History Section of Risk Assessment Form
1. Culture-positive infections associated with sensorineural hearing loss (meningitis,
encephalitis) including viral infections such as varicella or herpes
Events associated with hearing loss
Significant head trauma especially basal skull/ temporal bone fracture

Chemotherapy

wok »N

Family/caregiver concern
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https://hereditaryhearingloss.org/charge
https://hereditaryhearingloss.org/heimler
https://hereditaryhearingloss.org/jln
https://hereditaryhearingloss.org/norrie
https://hereditaryhearingloss.org/pendred
https://hereditaryhearingloss.org/perrault
https://hereditaryhearingloss.org/stickler
https://hereditaryhearingloss.org/treacher-collins
https://hereditaryhearingloss.org/usher
https://hereditaryhearingloss.org/waardenburg
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