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Abstract 

Past studies have shown that the effects of selective auditory attention are evident in medial 

olivocochlear (MOC) activity, manifested as the contralateral suppression (CS) of transient 

evoked otoacoustic emissions (TEOAEs). This finding suggests the use of TEOAEs in the design 

of an auditory-based access technology as a potential access solution for children with severe 

disabilities. Thirteen participants with normal hearing threshold and normal middle ear function 

completed this study.  The participants were instrumented with a TEOAE ear probe and 

presented with a contralateral acoustic stimulus.  They were instructed to alternate auditory 

attention conditions as visually cued by symbols on an LCD display.  Attentive and non-attentive 

conditions were detected with an overall accuracy of 70.17±12.54% at 2.44±0.3 bits minute-1 in a 

participant-specific classifier, and 65.92±13.91% in a participant-independent classifier.  

Detection of auditory attention exceeded random chance levels for 11 of 13 participants.  
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Chapter 1  
 

 

1 Introduction 

1.1 Clinical Problem  

Many individuals with severe physical disabilities face challenges with communication and 

control of their surrounding environment due to verbal and motor impairments. These severe 

physical disabilities include brain stem stroke, neurodegenerative disorders such as multiple 

sclerosis, neuromuscular conditions such as muscular dystrophy, high level spinal cord injuries, 

and acquired brain injuries. Their inability to physically interact with the environment motivates 

the search for a suitable solution to translate a mental state (functional intent) that can be 

interpreted by means of technology into a task that the individual wishes to achieve (functional 

activity).  The detection of a functional intent enables an individual with a severe physical 

disability to activate a switch.  The search for such an access solution is important because it can 

improve the quality of life of individuals with severe physical disabilities by increasing their 

level of independence [1, 2].  Specifically, for children with severe physical disabilities, an 

access solution enables them to participate in the educational curriculum and enhances social 

interaction [3].  A significant fraction of the 84,280 Canadian children with severe to very severe 

disabilities as reported in the 2006 Participation and Activity Limitation Survey [4], are affected 

by a lack of access to communication and environmental control. 

1.2 Access Technology  

The framework (Figure 1) in [5] defines an access solution as a system which converts functional 

intentions into functional activities.  The access technology in the context of an access solution 

consists of an access pathway which receives sensor inputs from the user and a signal processing 

algorithm which translates sensor data into control signals.   

Access technologies can be categorized by the input approaches: biomechanical means and 

physiological signals.  Examples of access technologies that process functional movement are 

button switches, lever switches and computer vision switches. However, individuals who lack 
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active motor movement must resort to access technologies that utilize physiological signals.  

Examples include electroencephalography (EEG), electrocorticography (ECoG), intracortical 

recordings, and near-infrared spectroscopy (NIRS). Generally, motor movement-based switches 

are preferred over access technologies that harness physiological signals, in terms of reliability 

and usability.   

1.3 Auditory-based Access Pathways  

Auditory-based access pathways can be a solution that enables individuals to express thoughts 

without vocal control or active motor movement. Research on auditory-based access pathways 

has primarily focused on brain-computer interfaces that decipher intention by interpreting brain 

activity associated with attention-related auditory tasks. In particular, auditory tasks have been 

noninvasively detected via functional magnetic resonance imaging [6, 7] and 

electroencephalography, namely, the P300 evoked potential [8, 9, 10, 11, 12], and sensory motor 

rhythms [13].  Solutions proposed to date are either not portable, susceptible to 

electrophysiological interference, or too complex to be set up or maintained by caregivers.   

While auditory-based intent as manifested in brain signals has been previously investigated, 

access technology research has not yet explored the detection of auditory attention through the 

auditory peripheral nervous system. The review of transient evoked otoacoustic emission 

(TEOAE) technology and human auditory physiology as related to auditory attention, has 

suggested a new direction for the design of an auditory-based access technology. Neural 

Figure 1: An access solution (Source [5]). 
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activities mediated by the olivocochlear bundle reflect intentional changes in selective auditory 

attention. The olivocochlear reflexes modulate the outer hair cells’ mechanical vibrations, which 

can be indirectly measured by TEOAEs. Intents thus can be converted into control signals for 

binary communication via TEOAEs (i.e., attentive and non-attentive). This novel access pathway 

may offer greater portability and simpler sensor set-up than other existing technologies sensitive 

to auditory attention.    

1.4 Objective  

The objective of this thesis was to design a system to differentiate between an attentive and a 

non-attentive auditory condition via TEOAEs. In the context of access technology, this work 

naturally led to the research question: 

At what level of accuracy, can auditory attention be detected with a TEOAE-based access 

pathway? 

As an initial exploration of TEOAE as an access pathway, it should be noted that the goal was 

not to search for an optimal protocol design, but to explore signal processing algorithms that 

facilitate detection of a desired mental state (i.e., an attentive auditory condition) at accuracies 

that are higher than random chance and comparable to those achievable with other auditory-

based access pathways.   

1.5 Roadmap 

Based on the initial review of TEOAE technology and its history in research, this thesis adopted 

a particular protocol design. Specifically, a contralateral acoustic stimulus (CAS) with tone 

bursts embedded in broadband noise was designed as the attention target of an auditory task for 

the user.  The broadband noise had temporally alternating intensity to enable measurements of a 

physiological effect in the ipsilateral ear via TEOAEs. The performance of the design with a 

number of different signal processing algorithms was evaluated.   

The remainder of the thesis is organized as follows. 
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Chapter 2 introduces TEOAE technology and gives a brief description of its mechanics and 

clinical applications.  It also presents the physiology of the medial olivocochlear bundle and 

explains the current understanding of TEOAE in the study of selective auditory attention.   

Chapter 3 details a research study investigating a TEOAE-based access pathway with 17 able-

bodied participants.  This chapter describes the experimental design, the experimental protocol, 

and a method that empirically evaluates the performance of a detection algorithm with a number 

of candidate features for selective auditory attention.   

Chapter 4 reports the results of the research study and discusses the performance of the detection 

algorithm using the proposed features.   

Chapter 5 discusses limitations of the research study, specifically, internal and external factors 

that may have affected detection performance.   

Chapter 6 concludes this thesis with a summary of contributions.   

Appendix A documents the use of the TEOAE instrumentation that is specific to this research.   

Appendix B reports on a pilot test for the possible confounding effect of visual attention on 

TEOAEs.   
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Chapter 2  
 

2 Background 

 

2.1 Transient Evoked Otoacoustic Emissions  

Transient evoked otoacoustic emission 

(TEOAE) is sound generated by the cochlea in 

response to transient acoustic stimulus (e.g., a 

click sound). TEOAEs are acquired by a probe 

that consists of a speaker and a microphone.  

Click stimuli are delivered to the ear by the 

TEOAE probe in an occluded ear canal to 

produce recordable sound pressure up to a 

frequency of 6 kHz. The middle ear efficiently 

provides coupling between the tympanic 

membrane and the stapes with the analogy of a 

bidirectional horn that both enhances hearing 

as well as amplifying sound in the reverse 

direction [14].  Thus, sound generated by the 

cochlea returns to the ear canal as TEOAE, 

amplified by the ossicles, with a latency of 1 

millisecond. TEOAEs are typically recorded 

by a microphone in a time window following 

each click stimulus (Figure 2). 

TEOAEs are formed as a result of the active 

process of the cochlea. Measurable TEOAEs 

are caused by the energy diverted from the 

primary hearing process, the pressure 

difference created by the transmission of energy back to the cochlea, and the amplification of 

Figure 2: An ensemble average of 1392 

TEOAE responses, highpass filtered with 

cutoff frequency of 750 Hz (Top panel). 

FFT frequency spectrum of the TEOAE 

(Bottom panel). 
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acoustic energy through the middle ear. The source of this energy working in reverse is believed 

to be the electromotility of the outer hair cells, which has been indirectly measured via TEOAEs. 

This active process is also known as the active “cochlear amplifier”. 

Three phenomena contribute to the formation of TEOAEs.  

1. When the forces exerted by the outer hair cells on the basilar membrane do not exactly 

follow the stimulus waveform, distortion signals are introduced into the returned 

vibrational energy. 

2. Spatial imperfection of the outer hair cells (i.e., non-uniform distribution of OHC 

motility) amplifies fluid waves at some locations of the basilar membrane and thus may 

result in the generation of stimulus frequency OAEs [15, 16].  

3. Energy in the cochlear compression fluid waves escape from the round window and re-

enters the cochlea through the oval window. This positive feedback loop can repeatedly 

stimulate the OHCs and lead to spontaneous OAEs [17, 18]. 

TEOAEs are highly nonlinear and nonstationary. The cochlea has a tonotopic organization.  

High frequency sounds up to 20 kHz are processed at the base of the cochlea. Sounds at low 

frequencies down to 20 Hz are processed at the apex of the cochlea.  Consequently, cochlear 

responses are returned to the ear canal at different times for different frequencies.  Frequency 

analysis of TEOAEs is normally performed at frequencies up to 6 kHz, as TEOAEs are normally 

strongest between 1 and 6 kHz (Figure 2). 

While TEOAEs cannot be used for the diagnosis of sensorineural hearing loss, their presence is a 

strong indicator of cochlear health. TEOAE measurement is commonly used in neonatal hearing 

screening because conventional testing methods are not suitable for this population. Recently, 

TEOAEs have been considered for their biometric potential [19].  Given the documented and 

measurable effect of attention on the olivocochlear bundle by way of TEOAEs, this thesis 

investigates the TEOAE as an access pathway for individuals with severe physical disabilities.    
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2.2 Medial Olivocochlear Bundle and Selective Auditory 
Attention 

Selective auditory attention is 

achieved through higher 

processing of sounds in the 

auditory cortex. Brain activity 

related to auditory attention is 

mediated via the medial 

olivocochlear (MOC) 

efferents. MOC efferents are 

thick, myelinated auditory 

nerve fibres that originate in 

the medial superior olivary complex and synapse the outer hair cells (OHCs).  The uncrossed 

portion of the MOC efferents can be activated by acoustically stimulating the contralateral ear.  

Signals travel through the auditory reflex interneurons of the contralateral cochlear nucleus, 

ventrally across the brainstem to the uncrossed olivocochlear neurons, down to the ipsilateral 

cochlea and the outer hair cells (Figure 3). During an activation of the MOC efferents, 

acetylcholine is released from the MOC terminal, diffuses across the synaptic cleft, and opens a 

channel to allow calcium entry to the OHCs. Depolarization occurs as a result. The influx of 

calcium ions to the OHCs can cause both fast and slow MOC effects.  Fast MOC effects occur 

with outflow of potassium through the calcium-activated potassium channels on a time scale of 

hundreds of milliseconds, whereas slow MOC effects occur with OHC stiffness changes on a 

time scale of tens of seconds.  MOC efferents are known to play a role in auditory attention. 

Specifically, MOC effects suggest detection of signals in noise, which aids in the performance of 

processing transients of sound waves such as speech [20, 21, 22].  A detailed explanation of the 

MOC anatomy and physiology can be found in [23, 24]. 

Activations of MOC efferents can be measured in TEOAEs. Modulation of MOC efferents can 

be activated by acoustically stimulating the contralateral ear with broadband noise. Signals 

travelling from the inner hair cells (IHCs) to the cochlear nucleus through the auditory nerve are 

sent to the medial superior olivary complex for the measurement of interaural time difference.  

This mechanism is believed to play a role in sound localization. The uncrossed MOC efferents  

Figure 3: Anatomy of MOC efferents (Adapted from source 

[23])  
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mediate some of this activity to the OHCs (Error! Reference source not found.), which 

decreases TEOAE levels in the 

ipsilateral ear. This reduction is 

known as the contralateral 

suppression (CS) of TEOAEs 

[25, 26, 27, 28]. The effect of 

selective auditory attention on 

TEOAEs has been 

demonstrated in past research 

[29, 30]. Some studies have 

used contralateral acoustic 

stimulation to show a 

significant effect of auditory 

attention on the CS of TEOAEs [21, 31, 32, 22]. The presence of this effect strongly supports the 

hypothesis that auditory attention modulates TEOAE responses by overriding the acoustic 

reflexes in the MOC efferents. Further, the focus of auditory attention on a specific tone causes a 

frequency-specific variation of TEOAE as tested in a study using contralateral acoustic 

stimulation [33].  However, the difference in patterns is highly dependent on the set-up of the test 

conditions.  This measurable effect of auditory attention on TEOAEs may be used towards the 

design of an auditory-based access technology.   

TEOAE as a candidate access pathway presents several advantages over existing solutions 

sensitive to selective auditory attention (e.g., electroencephalographic detection of auditory 

steady-state responses).  TEOAE instrumentation is non-invasive and portable, and requires only 

a single-sensor set-up for signal acquisition. Further, the equipment and associated consumables 

are less expensive than that required for evoked potential measurement.  On the other hand, at 

present TEOAE measurements must be made amid controlled acoustic conditions and with 

minimal subject movement.   

2.3 Possible Cross-modal Visual Attention Effect on TEOAEs 

Early studies of attention and TEOAEs suggested that visual tasks had cross-modal effects on the 

auditory descending pathway. Froehlich et al. [34] demonstrated the repeatability of significant 

Figure 4: An illustration of the signal pathways that lead to 

an increase in OHC activity and a decrease in TEOAE 

levels (Source [43]). 
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decreases in TEOAE amplitudes during visual tasks for some participants by randomly 

presenting one of two letters on television and instructing the participants to count the occurrence 

of one letter. Their findings were supported in a subsequent study using visual flashes [29]. 

Decreases in TEOAEs during visual attention were later demonstrated specifically in a group of 

individuals without spontaneous OAEs [35]. The effect of visual attention on the CS of TEOAEs 

was studied by [36]. However, [31] found no significant differences between a no-task condition 

and visual attention conditions, possibly due to low visual task complexity.  The experimental 

design of the study in this thesis used a simple visual task as a cue to alternate between an 

attentive and a non-attentive auditory condition.  In Appendix B, TEOAE recordings under a 

similar experimental design as the current research study and their data analysis confirmed de 

Boer’s findings [31] of no significant effects on CS of TEOAEs.    
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Chapter 3  
 

 

3 Research Study 

 

3.1 Research Ethics  

This study was approved by Bloorview Research Institute Research Ethics Board (file number: 

11-233) and University of Toronto Research Ethics Board (protocol number: 26852). All 

participants were informed about the study prior to screening and data collection.  All 

participants provided written consent.   

 

3.2 Participants   

Seventeen able-bodied adult participants were recruited. Thirteen participants completed the 

study (3 M, 10 F, ages 30.4 ± 7.8 years). Participants that completed the study had normal or 

corrected-to-normal vision, normal hearing thresholds, and normal middle ear functions.  Normal 

hearing threshold is defined as less than 20 dB HL for octave frequencies between 0.25 and 8 

kHz. Normal middle ear function is defined as middle ear pressure between -150 and 100 daPa 

with a compliance value between 0.3 and 1.6ml. Participants were assessed by an audiologist at 

Holland Bloorview Kids Rehabilitation Hospital during screening sessions.  

3.3 Experimental Design  

3.3.1 Contralateral Acoustic Stimulus  

A Contralateral Acoustic Stimulus (CAS) was designed and applied to the contralateral ear of the 

participant for two purposes:  

(1)  Activate the MOC efferent and enable observations of the CS of TEOAEs, and  

(2) Design a sound which the participant could focus auditory attention even when embedded in 

noise.   
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The CAS was produced by a custom made program in Matlab and delivered to the ear with an 

earphone of frequency range between 20 Hz and 20 kHz. It consisted of white broadband noise 

(20 to 10000 Hz) alternating between 55 and 70 dB SPL at a period of 4 seconds. A 20-

millisecond 1 kHz tone burst was embedded in the broadband noise near the hearing threshold 

(i.e., -10 to -15 dB SNR with tone bursts as signals and broadband noise as reference) with a 

probability of 75% for one tone burst per second. To estimate hearing thresholds, participants 

were tested with embedded 1 kHz tone bursts in noise varying from -8 to -14 dB SNR. The CAS 

was calibrated at 0.5 to 1 dB SNR above the threshold for each participant.  An attentive 

condition was defined as a state in which the participant is explicitly following and counting tone 

bursts. A non-attentive condition is defined as a state in which the participant is not following or 

counting tone bursts (i.e., a “rest” state). 

Figure 5: The setup of the experiment. 
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3.3.2 TEOAE Instrumentation  

TEOAEs were acquired with the Vivosonic Integrity V500 System (Appendix A) from the 

ipsilateral ear for the detection of visual attention.  Non-linear click stimuli of 80 dB peak 

equivalent sound pressure level (peSPL) to the ear at 80 microseconds per click and 47.35 clicks 

per second (i.e.,sweep-to-sweep time 21.12 milliseconds).  TEOAEs were recorded at a post-

stimulus time window between 2.8 and 12 milliseconds.  Artifact rejection threshold was 

disabled to temporally align TEOAE data to the trials of the experiment.  Industrial sound ear 

muffs with reduction of 30 dB SPL were used to minimize noise contamination of TEOAEs. 

Figure 6: The participants were instrumented in a quiet room with TEOAE measurements 

in the right ear and CAS in the left ear, along with industrial sound protected ear muffs. 

CAS was sent to the ear by Computer 1 with an earphone.  TEOAEs were acquired by 

Vivolink and sent to Computer 2 via bluetooth communication. 
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3.3.3 Experimental Protocol  

Participants performed two sessions of auditory attention tasks. In the first session, the 

participants were informed of the procedure. They spent up to 30 minutes familiarizing 

themselves with the system and the auditory attention tasks. TEOAEs recorded in session 1 were 

not considered in the ensuing analysis. In the second session, the same auditory attention tasks 

were performed, with the TEOAE recordings collected for data analysis.  

Figure 7: A Matlab generated GUI for visual cues for a non-attentive condition (i.e.: at 

“rest”) (left panel) and an attentive condition (i.e.: counting tone bursts) (right panel)  
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During each session, the participants were instrumented in a quiet room (Figure 5) with TEOAE 

measurements in the right ear and CAS in the left ear, along with industrial noise suppression ear 

muffs (Figure 6). Three TEOAE recordings were performed in each session with up to 5 minutes 

of rest between recordings. Each recording consisted of a 60-second pre-trial recording period, 

followed by 20 trials of auditory attention tasks. The purpose of the pre-trial period was to allow 

the TEOAE waveforms to stabilize. Each trial consisted of a time interval with either a non-

attentive condition or an attentive condition. The participants were visually cued via an LCD 

(Figure 7) for the attention conditions.  They were instructed to count the number of tone bursts 

occurring in the attentive condition periods and to record the count on paper at the end of each 

attentive condition period. Each time interval was assigned a random duration between 20 and 30 

seconds (Figure 8), equivalent to 2.44 ± 0.30 bits per minute.  

3.3.4 Data Collection  

Three TEOAE sensor data sets, which included waveforms A and B (Appendix A) were 

recorded for each data collection session.  Each of these waveforms was an average of a 

sequence of summed averaged signals of 12 alternate TEOAEs, with a post-stimulus time 

window between 2.8 and 12 milliseconds and a sampling rate of 38,400 samples per second.  

TEOAE data in the pre-trial recording period were removed before data analysis.   

3.4 Detection Algorithms  

Figure 8: The protocol of TEOAE recording.   
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In search of a detection algorithm, data were processed according to the typical stages of pattern 

recognition (Figure 9).  TEOAE responses were recorded under an attentive or a non-attentive 

auditory condition.  Data collected in each trial were used for preprocessing and feature 

extraction.  Detection of auditory attention here was treated as a two-class classification problem. 

Seven features were compared in the evaluation of performance, where feature selection was 

required for multi-dimensional features with an exhaustive search.     

3.4.1 Pre-processing 

Given that TEOAEs are typically strongest within a frequency range between 1 and 6 kHz, a 

second order Butterworth bandpass filter with cutoff frequencies at 750 Hz and 6 kHz was 

applied to each summed averaged TEOAE response in Waveforms A and B. 

For features extracted using time frequency analysis methods, a low pass second order 

Butterworth bandpass filter with cutoff frequency at 6 kHz was applied to each summed 

averaged TEOAE response in Waveforms A and B, followed by a down-sampling to 12,000 

samples per second.   

The average waveform, computed based on the filtered and down-sampled responses, was the 

sum of the averages of Waveforms A and B,.  This average waveform was used for feature 

extraction.     

3.4.2 Feature Extraction and Feature Selection  

Two physiological processes were considered in the detection of selective auditory attention: 

outer hair cell activity and fast olivocochlear efferent activity.  Seven feature extraction 

techniques were implemented to derive quantifications of the two physiological processes.  

Figure 9: Conversion of intent to binary output through pattern recognition methods. 
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3.4.2.1 Features as Measurements of Outer Hair Cell Activity  

Early findings of TEOAE research indicated the possibility of OHC activity affected by selective 

auditory attention and consequent modulation of TEOAEs. [29, 30] observed decreased TEOAE 

amplitudes during auditory attention to tone bursts.  Retrospect of experimental design and data 

collection, TEOAEs minus the effect of temporally alternating sound pressure levels of the CAS 

must be extracted from the raw data before feature extraction . As the two sound pressure levels 

of broadband noise in the CAS were designed with equal duration per period, each of the two CS 

levels of TEOAEs is expected to occur 50% of the time. In each trial, TEOAEs with RMS values 

below the median RMS were discarded. The ensemble average of the remaining TEOAEs was 

then used for the extraction of the following features.      

Magnitude of TEOAE Responses  

The magnitude of TEOAE responses (abbreviated as “OHC – RMS” in the subsequent chapters) 

was the RMS of the ensemble average. 

Wavelet Packet Transform  

Focused auditory attention on a specific sound in the CAS may activate the olivocochlear bundle 

and manifest as variation of the OAE amplitudes in a frequency specific way.  Since TEOAEs 

are non-linear and non-stationary signals, feature extraction using time frequency analysis 

methods may enable extraction of attention-related information from the signals.  Wavelet 

Packet Transform (WPT) was used here to enable an analysis of frequency specificity of 

selective auditory attention on TEOAEs.  At each level, WPT decomposes a waveform into an 

approximate signal and a detail signal, dividing the frequency band into two halves for further 

analysis.  The ensemble average of TEOAEs from each trial was used.  With three levels of WPT 

and second order coiflets, the ensemble averaged TEOAE was decomposed into 8 waveforms, 

where each waveform covered a sub-band of 750 Hz across 6 kHz. An RMS value was 

calculated for each of the eight waveforms (Figure 10), forming an 8-dimensional feature 

(abbreviated as “OHC – WPT” in the subsequent chapters).  Up to 4 dimensions were selected 

using an exhaustive search. 
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Figure 10: Feature using the energy in the decomposition of TEOAE to 8 frequency sub-

bands, where A and D are the approximation and detail signals of WPT, and Yi is the 

energy of the TEOAE in the i-th frequency sub-band. 

Time Window Analysis 

TEOAEs as non-stationary signals potentially enable extraction of information in sub-time 

intervals of TEOAE responses.  The ensemble average of TEOAEs from each trial was used and 

divided into five epochs of 1.84 milliseconds. An RMS value was calculated from each epoch, 

forming a five candidate features (abbreviated as “OHC – time window” in the subsequent 

chapters).  Feature selection was performed to identify the most discriminatory feature.    

3.4.2.2 Features as Measurements of Fast Medial Olivocochlear Efferent 
Activity  

In the past decade, CS of TEOAEs was investigated as a metric of MOC activity.  Studies related 

to selective auditory attention had a significant effect of selective auditory attention on CS [33, 

31, 32, 22]. Three techniques were examined in extracting features related to CS of TEOAEs. 

Direct Computation of CS of TEOAEs  

With the two temporally alternating CAS broadband noise sound levels, the lower TEOAE 

suppression level could be subtracted from the higher TEOAE suppression level in the 
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computation of the CS of TEOAEs.  In each trial, TEOAEs were sorted in ascending order of 

their RMS values.  The average energy in the TEOAEs of the subset with energy levels above 

the median RMS values is the suppression level at 55 dB SPL CAS broadband noise sound level.  

And the average energy in the TEOAEs of the subset with energy levels below the median RMS 

values is the suppression level at 70 dB SPL CAS broadband noise sound level.  The difference 

between the two average energy levels was computed as a feature (abbreviated as “MOC – CS” 

in the subsequent chapters) that is representative of fast MOC efferent activity.   

Discrete Time Analytic Signal Using Hilbert Transform  

 As the CAS was designed with sound pressure levels that alternated every two seconds, 

amplitude modulation of TEOAEs (i.e., CS of TEOAEs) was expected to occur at 0.5 Hz.  The 

RMS values of TEOAEs were computed to form a time series, , with frequencies between 0 

and 1.97 Hz.  The cochlear response to the CAS is expected to give almost-square waveform 

characteristics in  , whereby envelope extraction can be used to measure the CS of TEOAEs. 

The complex magnitude values of the discrete time analytic signal were obtained using the 

Hilbert transform of , from which the envelope was estimated. This envelope extraction method 

is useful for signals with narrowband frequencies.  The analytic signal, , is written as:  

 

Equation 1: Analytic signal using Hilbert transform. 

where  is the discrete Hilbert transform of . The discrete Hilbert transform can be 

obtained via the following steps [37]: 

1.  Compute the N‐point FFT   from   padded with zeros as needed  
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2. Form the N‐point one‐sided analytic signal transform 

   

Equation 2: One-sided analytic signal transform. 

3. Compute the N‐point inverse FFT of  to get   

High level peaks of  are indications of amplitude modulation of TEOAEs in response to change 

in CAS broadband noise sound pressure levels.  The RMS value of   where 

 is the beginning of a trial and  is the end of a trial, representative of MOC activity level, was 

extracted as a feature (abbreviated as “MOC - HT” in the subsequent chapters).  

Wavelet Decomposition Transform  

To examine frequency-specific fast MOC efferent activity, a 3-level WPT with second order 

coiflets was performed on individual TEOAEs across the data set. This approach decomposed 

the data set into 8 frequency sub-bands. The direct computation of CS of TEOAEs and absolute 

values of Hilbert transform were then used in each sub-band for feature extraction, each yielding 

an 8-dimensional feature set (abbreviated as “MOC – WPT, CS” and “MOC – WPT, HT” in the 

subsequent chapters). An exhaustive approach was used to search for the most discriminatory 

feature set of up to 4 dimensions.    

3.4.3 Classification and Validation  

In the detection of selective auditory attention, this study was set up with trials of two conditions 

(i.e., non-attentive and attentive). A two-class classification problem was formed, where seven 

features were defined.  Assuming that the values of the individual features were normal 

distributed , features were evaluated using linear discriminant analysis with 100 iterations of 5-

fold cross validation. Both participant-specific and participant-independent classifiers were 
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tested with Matlab software, where participant-specific classifier searched for the most 

discriminatory feature subset based on individual participants’ data, and participant-independent 

classifier searched for the most discriminatory feature subset based on the participant 

population’s data.   

The accuracies were compared against chance level via a binomial test (i.e., probability of 

success = 50%, number of trials = 60; let X denote the number of successfully classified trials, 

P[X>=30] = 55.12%).     
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Chapter 4  

 

4 Results and Discussion  

4.1 Results  

In the initial search for a suitable feature for the detection algorithm, 7 candidate features were 

tested and compared in terms of detection accuracies.  Validation was performed with a 

participant-independent classifier.  Best feature subsets were obtained via exhaustive search.  

Table 1 lists the classification results for the candidate features. Exhaustive feature selection was 

applied to the multi-dimensional candidate feature sets, namely “OHC - WPT”, “MOC - WPT, 

CS”, and “MOC - WPT, HT”. Features representing OHC activity performed at near random 

chance.  And most features representing MOC efferent activity performed at higher than random 

chance.   

As the level of attentiveness possibly has an effect on the performance of the auditory detection 

algorithm, we required a method to remove the attentive trials where the participants were “least 

attentive” to the tone bursts. To this end, we analyzed the participants’ reported tone burst 

counts. The participants’ reported count on the number of tone bursts in each trial was compared 

with the number of tone bursts actually presented to them during the trial.  The delta between the 

reported and actual counts was calculated.  The distribution of tone burst count deltas is 

presented in Figure 11.  
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Table 1: Performance results for the selected feature subsets.  Shaded rows are the results of the 

best feature subset for a feature genre.   

         Accuracy  

Feature Genre  

Number 
of 

Features 
in Feature 

Set

Number of 
Dimensions 
Considered 

Best 
Feature 
Subset 

Mean  Standard 
Deviation 

OHC ‐RMS  1  1  N/A  53.05%  4.29% 

OHC ‐ time window   5 1 {1} 53.67%  4.90%

8  1  {3}  54.76%  6.98% 

OHC ‐ WPT  8  2  {1,5}  55.65%  7.05% 

8 3 {1,5,6} 56.21%  6.21%

8 4 {1,2,5,6} 55.16%  6.51%

MOC ‐ CS  1  1  N/A  54.48%  8.55% 

MOC – HT  1  1  N/A  62.49%  11.79% 

MOC ‐ WPT, CS 

8 1 {1} 56.92%  12.33%

8 2 {1,4} 57.42%  13.15%

8 3 {2,7,8} 58.24%  13.00%

8  4  {2,4,7,8}  58.36%  12.23% 

MOC ‐ WPT, HT 

8  1  {1}  60.43%  11.30% 

8  2  {1,3}  62.41%  11.29% 

8 3 {1,3,5} 63.69%  12.79%

8  4  {1,2,5,7}  64.87%  12.69% 

The accuracy of the participant’s tone burst counts was used as an auditory attention metric. 

Attentive condition trials were sorted in descending order of tone burst count accuracy. Trials 

with a tone burst count delta of 8 along with their preceding non-attentive trials were dropped. 

The performance of the two best features was then re-evaluated. This procedure of removing 

trials was repeated for tone burst count deltas from 7 down to 1, in unit decrements. At each 

iteration, an increasing number of trials were removed. The classification results with each 

reduced set of trials are summarized in Tables 2 and 3.  Results showed a small, however, 

insignificant increase in the performance of the detection algorithm using the feature “MOC – 

HT”. And the performance of the detection algorithm using the feature “MOC – WPT, HT” did 

not improve post-removal of the “least attentive” trials.     
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From the initial analysis, the feature “MOC – WPT, HT” demonstrated the highest population-

wide classification accuracy. To further investigate this feature, the TEOAE data were examined 

for each participant, searching for the best feature subset with a participant-specific classifier 

(Figure 12).  The overall classification accuracy with a participant-specific classifier increased to 

70.17±12.54%. 

Figure 11: Histogram of deltas between reported and actual counts 

of tone bursts (mean=-1.2, standard deviation=3.77). 
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Table 2: Trials with inaccurate reported tone burst counts were removed from the data set.  

Classification results were reevaluated using the feature "MOC - HT". 

   Accuracy  Sensitivity  Specificity 

% Trials 
Removed   Mean 

Standard 
Deviation  Mean 

Standard 
Deviation  Mean 

Standard 
Deviation 

64.1  65.16%  11.44% 75.17% 13.55% 55.15% 16.33% 

49.49  64.48%  12.22% 74.15% 13.49% 54.81% 15.21% 

33.85  63.51%  11.92% 73.51% 13.85% 54.01% 13.24% 

22.36  63.21%  10.73% 74.05% 12.96% 52.26% 13.26% 

17.69  62.85%  10.22% 73.13% 12.04% 51.70% 13.65% 

11.03  62.43%  10.34% 73.39% 12.38% 51.05% 13.65% 

6.92  62.65%  10.28% 74.01% 12.16% 51.13% 13.78% 

3.85  62.64%  10.83% 73.51% 12.14% 50.95% 14.27% 

 

Table 3: Trials with inaccurate reported tone burst counts were removed from the data set.  

Classification results were reevaluated using the feature "MOC – WPT, HT". 

      Accuracy  Sensitivity  Specificity 

% Trials 
Removed  

Best 
Feature 
Subset  Mean 

Standard 
Deviation  Mean 

Standard 
Deviation  Mean 

Standard 
Deviation 

64.1  {1,2,3,7}  63.44%  11.58% 71.03% 13.33% 55.86% 12.56% 

49.49  {1,3,5,7}  64.43%  11.74% 71.11% 12.72% 57.75% 12.21% 

33.85  {1,5,7,8}  64.33%  13.65% 69.70% 14.20% 58.95% 14.17% 

22.36  {1,4,5,7}  66.29%  13.23% 72.58% 13.57% 59.99% 14.55% 

17.69  {1,3,5,7}  65.22%  13.00% 72.20% 13.36% 58.24% 13.70% 

11.03  {1,3,5,7}  65.44%  13.12% 72.77% 12.89% 58.11% 14.52% 

6.92  {1,3,5,7}  65.75%  13.07% 72.99% 12.32% 58.52% 15.01% 

3.85  {1,3,5,7}  65.59%  13.18% 72.97% 12.70% 58.21% 15.06% 
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Figure 12: Performance results for “MOC – WDT, HT” with participant-specific classifier 

for detection of auditory attention (Accuracy = 70.17±12.54%, sensitivity = 74.00±14.38%, 

specificity = 66.38±12.52%). 

  

 

 

 

 

Figure 13: Frequency of selection for features 1 to 8 in the feature genre “MOC – 

WPT, HT”. 
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Figure 14: Performance of signal processing algorithm with “MOC – WDT, HT” feature 

and a participant-independent classifier for detection of auditory attention (Accuracy = 

65.92±13.91%, sensitivity = 71.64±14.32%, specificity = 60.19±14.32%). 

 

Figure 13 shows the frequency of selection of the eight features defined using the feature “MOC 

– WPT, HT”, taken from the feature selection process of participant-specific classifiers.  Using 

the four most frequently selected features, three feature subsets were chosen (i.e.: {1,2,6,7}, 

{1,3,6,7}, {1,5,6,7}) to test the performance of a participant-independent (participant-

independent) classifier (Figure 14). 

4.2 Discussion  

In the initial analysis, classification accuracies obtained with features relating to OHC activity 

were at around random chance (55.12%). These methods failed to detect auditory attention in the 

data collected from the current study. Classification accuracies from the methods involving fast 

MOC efferent activity detected auditory attention up to 9.75% above random chance.   

An initial concern with the current data set was the issue of motion artifact. During the non-

attentive periods, the TEOAE probe wire may have moved against the body as a result of 

participant motion, thereby introducing low frequency noise into the measurement.  This 
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phenomenon may have introduced a negative correlation between “attentiveness” and low 

frequency noise in TEOAEs. If motion artifact played a role in the detection accuracy of the 

current algorithm, performance was then expected to be better than random chance across the 

candidate features. By examining the performance results of the detection algorithms which used 

OHC activity in feature extraction, these results showed detection accuracies at approximately 

random chance.   Motion artifact, thus, would not have contributed in any appreciable manner to 

the reported detection performance.   

Increases in classification accuracy were observed in feature extraction that used fast MOC 

efferent activity (Table 1).  The feature genre “MOC – WPT, HT” yielded an improvement in 

classification accuracy of 4.44% when dimensionality increased from 1 to 4 features. The feature 

“MOC – WPT, CS” yielded an improvement in classification accuracy of 1.44% when 

dimensionality increased from 1 to 4 features.  These findings suggest that there may exist 

frequency-specific information relating to auditory attention in the fast MOC efferent activity. 

Although the performance improvement was not significant in the present study, implementation 

of an participant-specific classifier could further improve the results.   

The level of the participant attentiveness to the auditory task was suspected as a possible factor 

in the quality of the system’s performance. The accuracies of the participant’s counts of tone 

bursts served as an objective measure of the participants’ attention level.  There was a small, 

however, insignificant increase in the classification accuracy, when the trials with inaccurate 

reported tone burst counts were removed from the data analysis. Attentiveness and classification 

accuracy did not have significant correlation. We speculate that attention-related auditory neural 

activity partially projected on the biomechanical activity in the cochlea via the OCB. Auditory 

attention manifested as TEOAEs then provided only limited information.   

In the current research study, the participants were instructed to listen for and count tone bursts 

of 1 kHz in pitch during attentive periods.  Hypothetically, the focus of auditory attention to 1 

kHz tone bursts maps to MOC efferent activity that modulates OHC activity at the 1 kHz 

location of the cochlea.  For performance results with the feature “MOC – WPT, HT”, the most 

frequently selected feature with an participant-specific classifier corresponded to a frequency 

sub-band between 0 and 750 Hz. This was contrary to [33]. However, increasing the feature set 

dimensionality, where additional features came from higher frequency sub-bands, improved 
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classification accuracy.  This suggested that auditory attention at a specific pitch frequency 

possibly enabled mapping to a frequency profile in MOC efferent activity.  This finding 

encourages future studies using tone bursts at two or more frequencies as choices for selective 

auditory attention. 

A system with a participant-specific classifier is often expected to perform at a higher accuracy 

than a system with a participant-independent classifier.  The use of a participant-specific 

classifier is justified for a TEOAE-based access technology, due to its intersubject variation 

nature of the physiological signal. In particular, TEOAE as a potential biometrics [19] may imply 

the need for a signal processing algorithm that is tailored to the user for detection of auditory 

attention, to account for the “unique signature” of the individual.    
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Chapter 5  

5 Limitations  

While the current design and detection algorithm was a successful initial step in detecting 

selective auditory attention, there are many opportunities for future improvement.  Many factors 

may affect the performance of selective auditory attention detection.  This section identifies 

some potential system and user factors.     

5.1 System Factors  

System factors that may impact detection, include the sound pressure level of the elicitor of 

TEOAEs [38, 39], time window analysis of TEOAEs [40, 41], the effect of prolonged acoustic 

stimulation on both ears, and interference due to slow MOC and LOC effects.   

In the design of CAS, tone burst frequency, SNR levels, contralateral noise bandwidth and SPLs 

[42], time period for alternating SPLs of contralateral noise, and the use of auditory cues can also 

affect performance.    

5.2 User Factors  

Factors relating to the user include age, ear asymmetry, music training, smoking habit, and 

middle ear function.   

Age: CS of EOAEs increases throughout infancy and reaches a plateau at around age three.  It 

begins to decline at around age twenty. By middle age, CS of EOAEs is almost absent (Figure 

13) [43]. These findings suggest that an access pathway based on TEOAEs is ideal for 

individuals between the ages of three and twenty.   

 Ear asymmetry: Previous studies have also found higher CS of TEOAEs in the right ear than in 

the left [44, 45, 32]. The right ear enables better measurement of small changes in the 

suppression and is thus preferred in experiments involving auditory attention.   
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Musicians/non-musicians: Musicians have greater CS of TEOAEs in both ears than non-

musicians [46, 47], suggesting that musicians may be better candidates than non-musicians in the 

use of TEOAE access pathway. 

Smokers/non-smokers: Non-smokers have greater CS of TEOAEs than smokers [48], suggesting 

that non-smokers may be better candidates.   

Middle ear functions: TEOAEs depend on the conduction of sound through the middle ear to 

convert and amplify cochlear hydrodynamic waves into acoustic vibrations outside the tympanic 

membrane.  Normal middle ear function is required.   

.   

Figure 15: The rise and decline of CS of EOAE as a function of age (Source [43])
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Chapter 6  

 

6 Conclusion  

Based on the data collected and analyzed within this thesis, the following conclusions can be 

made.  

• The visual task in the current experiment does not affect TEOAEs. The lack of a visual 

attention effect on TEOAEs, using the current visual task, is in agreement with [31]. This is 

encouraging for access pathway research using TEOAEs, as visual tasks of low complexity may 

be integrated into future experiments. This finding supports the practical use of TEOAE in a 

body-machine interface. A more detailed experiment with a larger sample size, however, needs 

to be conducted to confirm this finding.   

• Selective auditory attention is detectable with an overall accuracy of 70.17±12.54% and 

bit rate of 2.44±0.30 bits per minute, when participant-specific features are selected from among 

WPT and HT candidate features. Past research studies also found significant differences in 

TEOAE analysis between a non-attentive and an attentive auditory condition using at least two 

separate TEOAE recordings.  The current study used a design that enabled single trial detection 

without imposing a constraint on the detection time interval.  This finding is a crucial step in 

advancing body-machine interface design using TEOAEs.   

• Improvement of tone burst count accuracy has a tendency to increase performance, 

however, not at a significant level. Auditory attention manifested as TEOAEs may not have 

provided sufficient information, possibly due to attention-related auditory neural activity 

partially projected on the biomechanical activity in the cochlea via the OCB. This finding 

suggests that auditory attention is required, however, attentiveness is not important in the 

performance of TEOAE-based detection algorithm for auditory attention.   

• Frequency specificity of selective auditory attention cannot be fully established with the 

current design. This finding is contrary to [33]. However, increase in the dimensionality of 

features using wavelet analysis improved classification accuracy, suggesting that auditory 
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attention to sound can be profiled in the time-frequency plane.  Future research may enhance the 

experimental design to explore frequency-specific detetction and to expand upon the body-

machine interface design (i.e.: multiple switch access). 

This thesis exploited the human physiology of medial olivocochlear efferents for deciphering 

intent, by the design of an auditory task, contralateral acoustic stimulus, and the use of TEOAE 

technology.  This thesis demonstrated the feasibility of TEOAE as an alternative access pathway.  

With the current experimental design, the proposed detection algorithm achieved an overall 

accuracy at an acceptable level for binary communication. These findings provide the foundation 

for further  development of algorithms for the detection of auditory attention in the cochlear 

responses of individuals with severe disabilities. 

 

 



33 

 

References 

 

[1] S. Blain, P. McKeever, and T. Chau, “Bedside computer access for an individual with 

severe and multiple disabilities: a case study,” Disability & Rehabilitation: Assistive Technology, 

vol. 5, no. 5, pp. 359–369, 2010. 

[2] N. Memarian, A. N. Venetsanopoulos, and T. Chau, “Client-centred development of an 

infrared thermal access switch for a young adult with severe spastic quadriplegic cerebral palsy,” 

Disability and Rehabilitation: Assistive Technology, vol. 6, no. 2, pp. 179–187, 2011. 

[3] J. Copley and J. Ziviani, “Barriers to the use of assistive technology for children with 

multiple disabilities,” Occupational Therapy International, vol. 11, no. 4, pp. 229–243, 2004. 

[4] “Disability in canada: A 2006 profile,” Human Resources and Skills Development 

Canada, 2011. [Online]. Available: http://www12.hrsdc.gc.ca  

[5] K. Tai, S. Blain, and T. Chau, “A review of emerging access technologies for individuals 

with severe motor impairments.” Assistive technology : the official journal of RESNA, vol. 20, 

no. 4, pp. 204–19, Jan. 2008. 

[6] S. Yoo, H. O’Leary, T. Fairneny, N. Chen, L. Panych, H. Park, and F. Jolesz, “Increasing 

cortical activity in auditory areas through neurofeedback functional magnetic resonance 

imaging,” Neuroreport, vol. 17, no. 12, pp. 1273–1278, 2006. 

[7] S. Yoo, J. Lee, H. O’Leary, V. Lee, S. Choo, and F. Jolesz, “Functional magnetic 

resonance imaging-mediated learning of increased activity in auditory areas,” Neuroreport, 

vol. 18, no. 18, pp. 1915–1920, 2007. 

[8] A. Cabrera and K. Dremstrup, “Auditory and spatial navigation imagery in brain-

computer interface using optimized wavelets,” Journal of neuroscience methods, vol. 174, no. 1, 

pp. 135–146, 2008. 



34 

 

[9] A. Kübler, A. Furdea, S. Halder, E. Hammer, F. Nijboer, and B. Kotchoubey, “A brain–

computer interface controlled auditory event-related potential (p300) spelling system for locked-

in patients,” Annals of the New York Academy of Sciences, vol. 1157, no. 1, pp. 90–100, 2009. 

[10] A. Furdea, S. Halder, D. Krusienski, D. Bross, F. Nijboer, N. Birbaumer, and A. Kübler, 

“An auditory oddball (p300) spelling system for brain-computer interfaces,” Psychophysiology, 

vol. 46, no. 3, pp. 617–625, 2009. 

[11] D. Klobassa, T. Vaughan, P. Brunner, N. Schwartz, J. Wolpaw, C. Neuper, and 

E. Sellers, “Toward a high-throughput auditory p300-based brain-computer interface,” Clinical 

neurophysiology: official journal of the International Federation of Clinical Neurophysiology, 

vol. 120, no. 7, p. 1252, 2009. 

[12] M. Schreuder, B. Blankertz, and M. Tangermann, “A new auditory multi-class brain-

computer interface paradigm: spatial hearing as an informative cue,” PLoS One, vol. 5, no. 4, p. 

e9813, 2010. 

[13] F. Nijboer, A. Furdea, I. Gunst, J. Mellinger, D. McFarland, N. Birbaumer, and 

A. Kübler, “An auditory brain–computer interface (bci),” Journal of neuroscience methods, vol. 

167, no. 1, pp. 43–50, 2008. 

[14] G. A. Manley, R. R. Fay, and A. N. Popper, Eds., Active Processes and Otoacoustic 

Emissions in Hearing. Springer, 2007. 

[15] G. Zweig and C. A. Shera, “The origin of periodicity in the spectrum of evoked 

otoacoustic emissions,” The Journal of the Acoustical Society of America, vol. 98, no. 4, pp. 

2018–2047, 1995. 

[16] C. A. Shera and J. John J. Guinan, “Stimulus-frequency-emission group delay: A test of 

coherent reflection filtering and a window on cochlear tuning,” The Journal of the Acoustical 

Society of America, vol. 113, no. 5, pp. 2762–2772, 2003. 

[17] R. Probst, A. Coats, G. Martin, and B. Lonsbury-Martin, “Spontaneous, click-, and 

toneburst-evoked otoacoustic emissions from normal ears,” Hearing research, vol. 21, no. 3, pp. 

261–275, 1986. 



35 

 

[18] J. Mott, S. Norton, S. Neely, and W. Bruce Warr, “Changes in spontaneous otoacoustic 

emissions produced by acoustic stimulation of the contralateral ear,” Hearing research, vol. 38, 

no. 3, pp. 229–242, 1989. 

[19] M. Swabey, P. Chambers, M. Lutman, N. White, J. Chad, A. Brown, and S. Beeby, “The 

biometric potential of transient otoacoustic emissions,” International Journal of Biometrics, 

vol. 1, no. 3, pp. 349–364, 2009. 

[20] A. Giraud, S. Garnier, C. Micheyl, G. Lina, A. Chays, and S. Chéry-Croze, “Auditory 

efferents involved in speech-in-noise intelligibility,” Neuroreport, vol. 8, no. 7, pp. 1779–1783, 

1997. 

[21] U. Kumar and C. Vanaja, “Functioning of olivocochlear bundle and speech perception in 

noise,” Ear and hearing, vol. 25, no. 2, pp. 142–146, 2004. 

[22] A. Garinis, T. Glattke, and B. Cone, “The moc reflex during active listening to speech,” 

Journal of Speech, Language and Hearing Research, vol. 54, no. 5, p. 1464, 2011. 

[23] J. Guinan Jr, “Olivocochlear efferents: anatomy, physiology, function, and the 

measurement of efferent effects in humans,” Ear and hearing, vol. 27, no. 6, pp. 589–607, 2006. 

[24] J. Guinan Jr, “Cochlear efferent innervation and function,” Current opinion in 

otolaryngology & head and neck surgery, vol. 18, no. 5, p. 447, 2010. 

[25] L. Collet, D. Kemp, E. Veuillet, R. Duclaux, A. Moulin, and A. Morgon, “Effect of 

contralateral auditory stimuli on active cochlear micro-mechanical properties in human 

subjects,” Hearing research, vol. 43, no. 2, pp. 251–261, 1990. 

[26] C. Berlin, L. Hood, H. Wen, P. Szabo, R. Cecola, P. Rigby, and D. Jackson, 

“Contralateral suppression of non-linear click-evoked otoacoustic emissions,” Hearing research, 

vol. 71, no. 1, pp. 1–11, 1993. 

[27] C. Berlin, L. Hood, A. Hurley, H. Wen et al., “Contralateral suppression of otoacoustic 

emissions: an index of the function of the medial olivocochlear system.” Otolaryngology–head 

and neck surgery: official journal of American Academy of Otolaryngology-Head and Neck 

Surgery, vol. 110, no. 1, p. 3, 1994. 



36 

 

[28] A. Giraud, L. Collet, S. Chéry-Croze, J. Magnan, and A. Chays, “Evidence of a medial 

olivocochlear involvement in contralateral suppression of otoacoustic emissions in humans,” 

Brain research, vol. 705, no. 1, pp. 15–23, 1995. 

[29] P. Froehlich, L. Collet, and A. Morgon, “Transiently evoked otoacoustic emission 

amplitudes change with changes of directed attention,” Physiology & behavior, vol. 53, no. 4, 

pp. 679–682, 1993. 

[30] M. Giard, L. Collet, P. Bouchet, J. Pernier et al., “Auditory selective attention in the 

human cochlea,” Brain research, vol. 633, no. 1, pp. 353–356, 1994. 

[31] J. de Boer and A. Thornton, “Effect of subject task on contralateral suppression of click 

evoked otoacoustic emissions,” Hearing research, vol. 233, no. 1, pp. 117–123, 2007. 

[32] A. Harkrider and C. Bowers, “Evidence for a cortically mediated release from inhibition 

in the human cochlea,” Journal of the American Academy of Audiology, vol. 20, no. 3, pp. 208–

215, 2009. 

[33] S. Maison, C. Micheyl, and L. Collet, “Influence of focused auditory attention on 

cochlear activity in humans,” Psychophysiology, vol. 38, no. 01, pp. 35–40, 2001. 

[34] P. Froehlich, L. Collet, J. Chanal, and A. Morgon, “Variability of the influence of a 

visual task on the active micromechanical properties of the cochlea,” Brain research, vol. 508, 

no. 2, pp. 286–288, 1990. 

[35] C. Meric and L. Collet, “Differential effects of visual attention on spontaneous and 

evoked otoacoustic emissions,” International journal of psychophysiology, vol. 17, no. 3, pp. 

281–289, 1994. 

[36] C. Ferber-Mart, R. Duclaux, L. Collet, and F. Guyonnard, “Influence of auditory 

stimulation and visual attention on otoacoustic emissions,” Physiology & behavior, vol. 57, 

no. 6, pp. 1075–1079, 1995. 

[37] L. Marple Jr, “Computing the discrete-time "analytic" signal via fft,” Signal Processing, 

IEEE Transactions on, vol. 47, no. 9, pp. 2600–2603, 1999. 



37 

 

[38] L. Hood, C. Berlin, A. Hurley, R. Cecola, and B. Bell, “Contralateral suppression of 

transient-evoked otoacoustic emissions in humans: intensity effects,” Hearing research, vol. 101, 

no. 1, pp. 113–118, 1996. 

[39] S. Carvalho, B. Büki, P. Bonfils, and P. Avan, “Effect of click intensity on click-evoked 

otoacoustic emission waveforms: Implications for the origin of emissions,” Hearing research, 

vol. 175, no. 1, pp. 215–225, 2003. 

[40] G. Tognola, F. Grandori, and P. Ravazzani, “Wavelet analysis of click-evoked 

otoacoustic emissions,” Biomedical Engineering, IEEE Transactions on, vol. 45, no. 6, pp. 686–

697, 1998. 

[41] N. Morand, S. Khalfa, P. Ravazzani, G. Tognola, F. Grandori, J. Durrant, L. Collet, and 

E. Veuillet, “Frequency and temporal analysis of contralateral acoustic stimulation on evoked 

otoacoustic emissions in humans,” Hearing research, vol. 145, no. 1, pp. 52–58, 2000. 

[42] D. Velenovsky and T. Glattke, “The effect of noise bandwidth on the contralateral 

suppression of transient evoked otoacoustic emissions,” Hearing research, vol. 164, no. 1, pp. 

39–48, 2002. 

[43] M. N. Tan, “Selective listening processes in humans,” Ph.D. dissertation, The University 

of Western Australia, 2008. 

[44] S. Khalfa and L. Collet, “Functional asymmetry of medial olivocochlear system in 

humans. towards a peripheral auditory lateralization,” Neuroreport, vol. 7, no. 5, pp. 993–996, 

1996. 

[45] T. Morlet, L. Goforth, L. Hood, C. Ferber, R. Duclaux, and C. Berlin, “Development of 

human cochlear active mechanism asymmetry: involvement of the medial olivocochlear 

system?” Hearing research, vol. 134, no. 1, pp. 153–162, 1999. 

[46] C. Micheyl, S. Khalfa, X. Perrot, and L. Collet, “Difference in cochlear efferent activity 

between musicians and non-musicians,” Neuroreport, vol. 8, no. 4, pp. 1047–1050, 1997. 



38 

 

[47] S. Brashears, T. Morlet, C. Berlin, and L. Hood, “Olivocochlear efferent suppression in 

classical musicians,” Journal of the American Academy of Audiology, vol. 14, no. 6, pp. 314–

324, 2003. 

[48] V. Nagaraj, “Effect of smoking on transient evoked otoacoustic emissions and 

contralateral suppression,” Auris Nasus Larynx, 2010. 

 



39 

 

Appendix A - Vivosonic Integrity V500 System with TEOAE 
Modality  

 

General Description  

The Vivosonic Integrity V500 System (Figure 17) is a Class 2 device 

in the Health Canada medical device list.  It is equipped with data 

acquisition for auditory electro physiology with four test modalities: 

Auditory Brainstem Response (ABR), Electrocochleography 

(ECochG), Transient Evoked Otoacoustic Emissions (TEOAE), and 

Distortion Product Otoacoustic Emissions (DPOAE). Holland 

Bloorview PRISM Lab purchased the instrumentation with only the 

TEOAE option.  

The Vivosonic Integrity TEOAE instrumentation consists of a 

wireless signal acquisition device called Vivolink and a personal 

computer with Vivosonic software for the reception and logging of 

TEOAE waveforms.  An TEOAE ear probe that embedded a speaker 

and a microphone is wired to the Vivolink device. The TEOAE ear 

probe (Figure 16) must be used with a disposable rubber tip (Figure 18) and it must occlude the 

external ear canal to prevent escape of TEOAE energy during signal acquisition.  The Vivolink 

TEOAE ear probe delivers click stimuli to the ear and records sound waves in a time window 

following each click stimulus.  Data are transmitted to the Vivosonic software for signal 

processing, analysis, and logging on the notebook computer via Bluetooth communication.     

   

Figure 16: TEOAE 

probe (Source – 

Vivosonic Integrity 

User’s Manual) 
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Figure 17: Vivosonic Integrity V500 System (Source – Vivosonic Integrity User’s Manual)  

 

Figure 18: Disposable OAE ear tips (Source – Vivosonic Integrity User’s Manual)  

Instrumentation Parameters  

The Vivosonic instrumentation was used with the adjustable parameters shown in Error! 

Reference source not found.. It recorded TEOAE responses with a fixed sampling rate of 38400 

samples per second. 
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Table 4: TEOAE parameters for this thesis. 

Click Stimulation Mode  Non‐Linear 

Click Duration   80 microseconds  

Click Interval   21.12 microseconds  

Click Level   80 dB peSPL 

Recording Window   2.8 to 12 milliseconds  

High Pass Filter Cutoff Frequency   750 Hz 

Low Pass Filter Cutoff Frequency  6000 Hz 

Artefact Rejection Threshold   Disabled  

 

Data Logging  

A temporary buffer stores 24 consecutive TEOAE responses.  TEOAEs that exceed the artifact 

rejection threshold (default at 55 dB SPL) are discarded.  When the buffer is filled, alternate 

responses are summed, averaged, and logged in a file in Waveforms A and B (i.e., odd-numbered 

buffer samples are recorded as an averaged response in Waveform A, and even-numbered buffer 

samples in Waveform B). Note that the artefact rejection threshold is disabled to temporally 

aligned TEOAE data to the trials of the experiment. 
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Appendix B – Investigating the Effect of Visual Attention on 
TEOAEs 

 

Two sessions of three TEOAE recordings were performed under similar experimental design and 

protocol as the research study of this thesis.  Please refer to Chapter 3 for details.  A simple 

visual task was used and possible visual attention effect on TEOAEs was the purpose of this 

investigation.   

B.1 Method  

B.1.1 Acoustic and Visual Stimuli  

A  CAS was designed and applied to the contralateral ear to activate the MOC efferent and 

enable observations of the CS of TEOAEs. The CAS was produced by Matlab and delivered to 

the ear with an earphone of frequency range between 20 Hz and 20 kHz. It consisted of a white 

broadband noise (20 to 10000Hz) alternating between 55 and 70 dB SPL at a period of 4 

seconds.    

A Matlab GUI was designed to show a visual “probe” symbol with a probability of 75% for one 

per second, on an LCD in front of the participant.   

B.1.2 TEOAE Instrumentation  

TEOAEs were acquired with the Vivosonic Integrity V500 System (Appendix A) from the 

ipsilateral ear for the detection of visual attention.  Non-linear click stimuli of 80 dB peSPL to 

the ear at 80 microseconds click-1 and 47.35 clicks second-1 (i.e.: sweep-to-sweep time 21.12 

milliseconds).  TEOAEs were recorded at a time window between 2.8 and 12 milliseconds 

following each click stimulus.  Artifact rejection threshold was disabled to temporally aligned 

TEOAE data to the trials of the experiment.  Industrial sound ear muffs with reduction of 30 dB 

SPL were used to minimize noise contamination of TEOAEs. 

B.1.3 Experimental Protocol  
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The individual was instructed to count the occurrence of the symbol during visual attention 

periods, with each period lasting 25 seconds. In each session, 10 trials of non-attentive condition 

and 10 trials of attentive condition were interleaved for each recording, repeated three times with 

five minutes of rest between recordings.   

 

B.2 Data Analysis  

In the data analysis of test for the 

effect of visual attention on OHC and 

MOC activity, two features “OHC – 

RMS” and “MOC – HT” (please refer 

to Sections 3.4) were extracted from 

30 trials of non-attentive condition 

and 30 trials of attentive condition for 

each participant. Figure 19 showed 

the distribution of feature “OHC - 

RMS” for the two visual attention 

conditions of the two sessions. Figure 20 showed the distribution of feature “MOC - HT” for the 

two visual attention conditions of the two sessions.  No difference was found in feature “OHC - 

RMS” (p = 0.40, p = 0.27) or feature “MOC - HT” (p = 0.37, p = 0.35) for both sessions.   

As expected, no significant 

differences are observed in the 

TEOAE analysis between a no-task 

condition and an attentive visual task 

condition.  The visual task in the 

current experimental design did not 

affect TEOAEs. The lack of effect of 

visual attention in TEOAEs, using the 

Figure 19: The box plots showed the distributions of  

feature “OHC - RMS” extracted from 30 trials of 

non-attentive no-task period and 30 trials of attentive 

visual task period for Session # 1 (left panel) and 

Session #2 (right panel). 

Figure 20:The box plots showed the distributions of  

feature “MOC - HT” extracted from 30 trials of 

non-attentive no-task period and 30 trials of 

attentive visual task period for Session # 1 (left 

panel) and Session #2 (right panel). 
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current visual task, was in agreement with [31]. It was encouraging for access pathway research 

using TEOAEs, as visual tasks of low complexity could be integrated into the research study and 

future experiments without causing interference. It helped advocating the practical use of 

TEOAE in a body-machine interface design. In future studies, however, experiments for 

TEOAE-based access pathway research involving visual tasks need to be designed with caution. 

Further studies of visual attention in the development of TEOAE-based access pathway are 

necessary, as high variability of results were observed in [34] and the relation of the visual 

attention effect on TEOAEs for individuals without spontaneous OAEs [35]. 

 


