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Abstract 

Cochlear implants (CI) restore hearing in individuals with profound to severe hearing loss 
via electric stimulation of the auditory nerve. Unfortunately, modern CIs suffer from 
degraded fine spectrotemporal resolution. As a result, CI users have difficulty perceiving 
important voice characteristics for higher level speech perception, specifically, the 
fundamental frequency (F0) and the vocal-tract length (VTL). Research has shown that CI 
users with residual low-frequency hearing greatly benefit from a hearing aid in the non-
implanted ear. This is known as bimodal hearing and provides electric stimulation via the 
CI, in addition to acoustic amplification for the low-frequency sounds, that an individual 
may still hear naturally.  

The focus of this thesis was two-fold. First, neurofeedback training was developed, aimed 
at improving VTL perception using CI simulations. The results indicated a necessity for 
further research into event-related potentials, specifically the P300 waveform, elicited by 
non-word, vocoded speech stimuli. Second, a study was conducted which investigated how 
the comparison and integration of the different sound signals in bimodal hearing impacts 
perception of the F0 and VTL. Normal hearing listeners heard vocoded CI speech 
simulations in one ear and low-pass filtered (LPF) speech in the other. Three listening 
conditions (vocoded CI-alone, LPF-alone, and bimodal) were tested, across varying 
degrees of spectral degradation, implemented through the vocoder, and with two different 
LPFs applied to the acoustic signal: 150 and 300 Hz. The results showed a significant 
improvement in F0 perception in the bimodal conditions compared to the vocoded CI-
alone conditions, with no increase in improvement above the 150 Hz LPF. Additionally, 
there was no impact of spectral degradation on the improvement. The results provide 
evidence for the role of the F0, present in the acoustic signal, in supporting enhanced 
speech recognition performance in bimodal hearing. Furthermore, it suggests that 
amplification of residual low-frequency hearing as low as 150 Hz can provide bimodal 
benefit in quiet, and that overlapping frequency maps between the CI and hearing aid does 
not cause interference of the signals. 
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1 Introduction 

1.1 Perception of Voice Characteristics 

 Normal hearing listeners are able to discriminate and separate competing voices in 

multi-talker situations. Under these conditions, listeners are required to segregate sounds 

that are mixed into one signal to obtain the target voice from the interfering background 

sounds. Masking studies, measuring the ability of a listener to pull apart simultaneously 

presented sounds, have found that speech recognition performance relies heavily on 

whether the target and masker voices differ in gender or whether they have the same 

gender (Brungart, 2001; Brungart, Simpson, Ericson, & Scott, 2001;  Feston & Plomp, 

1990). Listeners extract information about a particular speaker through voice 

characteristics such as the pitch and sound quality (Darwin & Hukin, 2000). Specifically, 

the fundamental frequency (F0) and the vocal-tract length (VTL) that directly influence 

perceived pitch and sound quality, respectively, provide the strongest cues for voice gender 

perception (Darwin, Brungart, & Simpson, 2003; Skuk & Schweinberger, 2013; 

Vestergaard, Fyson, & Patterson, 2009). 

  

1.1.1 Fundamental Frequency 

 Due to anatomical differences in their speech production systems, male and female 

voices sound different. The perceived pitch of a voice is directly related to the rate at which 

the vocal folds vibrate, known as the glottal-pulse rate. Pitch helps with perceiving 

information on voicing and manner, as well as conveying prosody (Ba!kent, Gaudrain, 

Tamati, & Wagner, 2016). The vocal folds are positioned within the larynx and modulate 

the airflow expelled from the lungs by vibrating, producing speech (Vashishta, Joshi, & 

Dhawlikar, 2015). The frequency at which the vocal folds vibrate is known as the 

fundamental frequency (F0). The size and weight of the focal folds impact the F0. As 

female vocal folds are shorter and lighter than male’s, the average F0 for female adults is 

around 200 - 220 Hz and around 100 - 120 Hz for male adults (Simpson, 2009). As a 

result, female voices have a higher perceived pitch than male voices. 
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1.1.2 Vocal-Tract Length 

 Another anatomical difference between male and female adults is the vocal-tract 

length (VTL). The VTL is the distance from the vocal folds to the lips, and is on average 14 - 

14.5 cm for adult females and 17 - 18 cm for adult males (Simpson, 2009). An alteration in 

the VTL corresponds to a shifting of the formant frequencies (i.e. the prominent spectral 

peaks), without changing pitch or F0 (Darwin & Hukin, 2000). A longer VTL results in a 

shift of the formants towards the low frequencies. On the other hand, a shorter VTL shifts 

the formants towards the high frequencies (Fant, 1971; Gaudrain & Ba!kent, 2015; 

Mackersie, Dewey, & Guthrie, 2011). As female adult VTLs are on average shorter than 

male adult VTLs, female voices have higher average formant frequencies, which results in a 

different timbre, or sound quality (Fant, 1971; Simpson, 2009). The VTL voice 

characteristic is important as it contains place of articulation cues. Additionally it aids in 

the discrimination of different vowels and fricatives from one another (Ba!kent et al., 

2016).  

 The F0 and VTL allow for perceptual segregation, and normal hearing individuals 

use both for higher level speech perception such as gender categorisation in background 

noise (Skuk & Schweinberger, 2014; Smith & Patterson, 2005). 

1.2 Cochlear Implants 

 Cochlear implants (CIs) provide hundreds of thousands of people worldwide with a 

sense of sound (National Institute on Deafness and Other Communication Disorders 

[NIDCD], 2014). CIs are surgically implanted devices for people with severe to profound 

hearing loss, which can be a result of damage to hair cells and/or auditory nerve fibres 

(Shannon, Galvin III, & Ba!kent, 2001). The device allows these individuals to perceive 

sound through electrical hearing instead of acoustical hearing. A CI consists of an external 

portion and a surgically implanted internal portion. The external portion is made up of a 

microphone, speech processor, and transmitter. The internal portion contains a receiver 

and an electrode array. The receiver receives signals through the transmitter from the 

speech processor and converts these signals into electrical impulses. These impulses are 

then sent to the electrode array that excite regions of the auditory nerve, bypassing 

damaged parts of the ear, which then transports the signals to the brain (NIDCD, 2014). 
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1.2.1 Degradation of Spectrotemporal Resolution 

 Unfortunately, modern CIs transmit sound signals that contain degraded fine 

spectrotemporal resolution (Rubinstein, 2004). Spectral resolution is mainly reduced due 

to electrical spread of electrodes on the auditory nerve (Boëx, de Balthasar, Kós, & 

Pelizzone, 2003; Henry & Turner, 2003). The electrical spread of activation defines the 

interaction of neural activity that happens between individual electrode stimulation sites.  

 However, it is also impacted by the number of spectral bands provided in the CI 

system. In CIs, the frequency components in the signal are resolved using bandpass 

filtering into a number of different spectral bands, also called channels. The spectral shape 

information is then transmitted through the pattern of stimulation to distinct electrodes 

for tonotopical stimulation of the auditory nerve. Modern CIs are generally limited to 

between 6 and 22 stimulating bands, which is not enough to preserve the fine spectral 

detail in speech (Henry & Turner, 2003). Studies on speech perception in normal hearing 

listeners using acoustic simulations of CI processing, have shown that high levels of speech 

recognition can be achieved with 4 to 12 bands, in quiet, but requiring at least 16 to 20 

bands when listening in background noise (Friesen, Shannon, Ba!kent, & Wang, 2001; 

Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995). The effect on spectral resolution of 

different numbers of bands, can be seen in Figure 1. The less bands, the less the formant 

structure is retained in the processed signal. 

 Fine temporal structure is lost due to characteristics of the electric stimulation of 

the auditory nerve. The CI device delivers only the slow-varying temporal envelope of the 

corresponding spectral band and amplitude modulates it to fixed-rate current pulses. 

Therefore, they do not extract the fine temporal structure of sound signals (Ching et al., 

2007; Rubinstein & Hong, 2003). This is in contrast to the temporal coding of low 

frequencies that occurs in the normal auditory system, whereby neurons fire action 

potentials in phase with the sound waves. 
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