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Abstract  
 

Aims: Aims of this doctoral thesis were to 1) investigate the effects of a unilateral hearing 

loss (UHL) in adults and children examining several auditory abilities such as localising 

sound, recognising speech in noise and self-perception of hearing disability in daily life 

contexts due to this condition, 2) measure cortical auditory evoked potentials (CAEPs) 

elicited by speech sounds to explore the effects of UHL on brain responses, 3) compare group 

performance between normal hearing controls and the study group for behavioural and 

electrophysiological measures, 4) examine auditory function over time in a child with single 

sided deafness who received a cochlear implant and 5) monitor the pattern of change over 

time in an adult who had a sudden onset of single side deafness after acoustic neuroma 

removal and to determine the impact of his hearing device use on auditory function. 

Methods: Auditory skills were assessed using tests of sound localisation, spatial speech 

perception in noise, and self-ratings of auditory abilities (abbreviated 7-item version of 

Listening Inventory for Education, LIFE-7 NZ; Speech, Spatial and Qualities of Hearing 

questionnaire, SSQ; and Auditory Behaviour in Everyday Life, ABEL). CAEPs in noise (+5 

dB signal to noise ratio) elicited by consonant-vowel naturally produced speech sounds were 

recorded. Performance of children and adults with UHL were compared with normal hearing 

participants’ results.  

Results:  Adults and children with UHL had major, statistically significant difficulties 

compared to controls recognising speech in noise even when the signal was directed to the 

good ear, with difficulties more evident for children. Sound localisation was affected by UHL 

for both adults and children, however there was greater variability in children, particularly for 

the right ear. Adults and children reported higher levels of hearing difficulties in everyday 

life listening situations compared to controls. Activities which require concentration and 
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attention were reported as the most challenging (indicating high listening effort). Brain 

responses showed differential changes as a function of the age. Adults with a right ear 

hearing loss (left ear stimulus presentation, to the better ear) showed a more symmetric 

hemisphere activity (N1 response) across all stimuli. CAEPs for adults with a left ear hearing 

loss were similar to normal hearing controls as these participants showed larger activity for 

electrodes located over the hemisphere contralateral to the stimulated ear (right ear 

presentation). Normal hearing children showed a left hemisphere dominance (P1 cortical 

response) regardless of the ear of stimulus presentation, and larger responses at frontal and 

central locations. Children with UHL did not show this dominance. Overall, for left ear UHL, 

P1 responses were smaller compared to right ear UHL. N250 responses were larger frontally 

in normal hearing children, whereas children with left ear UHL had more symmetric CAEP 

activity.    

Conclusions: People with UHL have a range of listening difficulties such as 

localising sound in the horizontal plane and recognising speech in noise. Children and adults 

and the children’s parents reported difficulties in different contexts. Questionnaire data 

indicated that the ability to recognise speech in different contexts and spatial hearing were 

perceived as most affected by a UHL for adults. Children reported difficulties in school 

settings mainly for noisy situations. Participants with UHL reported higher levels of need for 

concentration or attention during listening activities.     

CAEPs showed changes within the auditory cortex for children and adults. Atypical 

responses were observed for both groups compared to normal hearing individuals. CAEPs 

would be a useful tool for assessing auditory cortical function in people with UHL, providing 

information about the status of the neural encoding of the auditory signals to support the 

behavioural evidence for auditory difficulties in this population.   
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 1  
 

CHAPTER 1: Introduction 
 

 

 A hearing loss has many effects over the lifetime, including speech, language and 

educational difficulties, employment and psychological consequences and social isolation. 

These are the most common consequences for adults and children (Arlinger, 2003; Cacciatore 

et al., 1999; Helvik, Jacobsen, & Hallberg, 2006; Helvik, Krokstad, & Tambs, 2013; 

Hornsby, Werfel, Camarata, & Bess, 2014; Resnick, Fries, & Verbrugge, 1997; Yoshinaga-

Itano, Sedey, Coulter, & Mehl, 1998).  Difficulties recognising speech in noise (Eisenberg, 

Dirks, & Bell, 1995; B. C. J. Moore, 2016; Turner, 2006; Van Rooij & Plomp, 1990) and 

localising sounds (B. C. J. Moore, 2016; Noble, Byrne, & Lepage, 1994) are commonly 

reported by people with different types of hearing loss. In children, hearing loss has a major 

impact on language development including phoneme acquisition (Stelmachowicz, Pittman, 

Hoover, Lewis, & Moeller, 2004; Tomblin et al., 2015) and speech recognition and 

production (Eisenberg, 2007). Furthermore, a hearing loss in children also has negative 

educational, psychosocial and quality of life impacts (Moeller, 2007; Moeller, Tomblin, 

Yoshinaga-Itano, Connor, & Jerger, 2007). Early diagnosis and intervention leads to better 

language outcomes and thus better educational performance and development of social skills 

in children (Ching, 2015; Tomblin et al., 2015). 

The prevalence of a bilateral permanent hearing loss has been estimated as about 

1/1000 for newborns (Mehra, Eavey, & Keamy Jr, 2009; Wood, Sutton, & Davis, 2015). 

Hearing loss increases across the lifespan (Agrawal, Platz, & Niparko, 2008; F. R. Lin, 

Niparko, & Ferrucci, 2011), with an estimated overall prevalence in the range of 5.4 to 49 % 

in adults (30-39 years and 60-69 years respectively). For adults in their 30s and 60s, 

approximately 3.5 and 18 % of hearing losses are unilateral (Agrawal et al., 2008). 
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In additional to the behavioural consequences of hearing loss, sound deprivation can 

trigger a cascade of processes within the central auditory system which can lead to functional 

and anatomical changes, such as changes in the cortical representation of the sounds, altered 

frequency tuning, the number of neurons, cortical projections, changes in the balance of 

inhibitory and excitatory neural transmission and cross-modal reorganization (Dietrich, 

Nieschalk, Stoll, Rajan, & Pantev, 2001; Emmer, 1999; Finney, Fine, & Dobkins, 2001; 

Kotak et al., 2005; Kotak, Breithaupt, & Sanes, 2007; Kotak, Takesian, MacKenzie, & Sanes, 

2013; Syka, 2002). Providing access to sound and ameliorating central auditory deficits are 

major goals of treatment for hearing problems. To accomplish these goals, protocols for 

clinical management of a bilateral hearing loss (BHL) are available for clinicians for children 

and adults with hearing loss (American Academy of Audiology, 2013; American Speech-

Language-Hearing Association, 1998; A. King, 2010; Valente et al., 2006). Unfortunately, 

despite the evidence available for negative consequences of unilateral hearing loss (UHL), 

the scenario for UHL differs from that for bilateral cases and there are no widely accepted 

protocols for managing UHL.  

With the implementation of universal newborn hearing programmes the number of 

children identified with UHL has increased and hence the need for such protocols has 

increased. In the United Kingdom 0.6/1000 newborns present with a permanent UHL (> 40 

dB HL, pure-tone average at 0.5, 1, 2 and 4 kHz) (Fortnum et al., 2016). Based on these data 

about 500 children per year are born with UHL in the United Kingdom. This number 

increases as function of age as not all the children with UHL are identified at birth. 

Prevalence varies from 1.07 to 2.05/1000 at age 3 and 9-15 years, respectively (Fortnum et 

al., 2016). 

UHL is commonly considered a ‘minor’ condition among hearing professionals as 

difficulties and restrictions due to this condition are thought to be less than those associated 
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with BHL. However, there is a significant amount of evidence that challenges this 

assumption. Behaviourally, people with UHL experience major difficulties localising sounds 

in the horizontal plane due to a lack of access to time and intensity binaural cues (Agterberg 

et al., 2011; Humes, Allen, & Bess, 1980; P. Johnstone, Nabelek, & Robertson, 2010; 

Newton, 1983; Noble et al., 1994). The ability to recognise speech in disadvantageous 

listening conditions such as classrooms or crowded places is also markedly affected. The 

signal to noise ratio (SNR) required to perform similarly to normal hearing listeners is 

significantly higher in UHL (Bess, Tharpe, & Gibler, 1986; Reeder, Cadieux, & Firszt, 2015; 

Ruscetta, Arjmand, & Pratt, 2005; Vannson et al., 2015), as is the case for BHL (Crandell, 

1993; Dubno, Dirks, & Morgan, 1984; Frisina & Frisina, 1997; Pekkarinen, Salmivalli, & 

Suonpää, 1990). There is growing evidence that people with UHL perceive increased 

listening fatigue, and need more concentration and effort compared with those with normal 

hearing. This is perceived as a major difficulty regardless of the aetiology and degree of UHL 

(based on self-report measures) and potentially has an impact on quality of life (Araujo, 

Mondelli, Lauris, Richieri-Costa, & Feniman, 2010; Augustine, Chrysolyte, Thenmozhi, & 

Rupa, 2013; Borton, Mauze, & Lieu, 2010; Vannson et al., 2015).  

Unfortunately, despite growing evidence about the effects of a UHL on central 

auditory organisation and difficulties across a range of auditory functions (Avan, Giraudet, & 

Büki, 2015; Heggdal, Brännström, Aarstad, Vassbotn, & Specht, 2016; José, Mondelli, 

Feniman, & Lopes-Herrera, 2014; Kuppler, Lewis, & Evans, 2013; Lieu, 2004; Lieu, Tye-

Murray, Karzon, & Piccirillo, 2010; Lieu, Tye-Murray, & Fu, 2012; Vila & Lieu, 2015), 

there is still a lack of consensus about how to manage UHL in both adults and children and it 

is not clear who would benefit from amplification. Some auditory functions such as speech in 

noise recognition are age dependent, reaching adult performance in adolescence. Immature 

speech perception abilities coupled with UHL will have an impact especially in challenging 



4 
 

environments such as classroom settings where the acoustic conditions are typically poor 

(Bellis, 2011; Mealings, Dillon, Buchholz, & Demuth, 2015).  

UHL is a particular model of deprivation in which the auditory input is not totally 

abolished as the good ear is still providing stimulation to the auditory pathway. This 

asymmetry creates an ‘imbalance’ in the representation of sounds at peripheral and central 

levels. Current evidence indicates that it is not just auditory areas that are affected by 

monaural deprivation, as areas related to higher-order functions such as memory and 

cognition may be affected as well as auditory areas  (Propst, Greinwald, & Schmithorst, 

2010; Schmithorst, Plante, & Holland, 2014; Tibbetts et al., 2011). Propst et al. (2010) 

conducted a functional magnetic resonance imaging (fMRI) study in children aged 7.2-11.7 

years with sensorineural UHL and found differences in the pattern of activation of auditory 

areas when narrowband noise and speech in noise were presented compared to normal 

hearing controls. With narrowband noise stimuli there was less activation of auditory areas 

accompanied by a lack of activation of the association and attentional networks. For speech 

in noise activation of secondary auditory areas was bilateral in controls but only in the left 

hemisphere in UHL. When the right ear was affected children did not have the same 

activation of attentional areas as normal hearing children and children with left ear UHL 

(Propst et al., 2010). Schmithorst et at. (2014) studied 21 children with sensorineural UHL 

(11 with left and 10 with right ear hearing loss, ≥ 2 years of duration) using fMRI and found 

the pattern of activation (i.e. posterior superior temporal gyrus bilaterally) and deactivation 

(i.e. posterior cingulate/precuneus, right primary auditory cortex and precentral and post-

central regions) of different regions within the cortex differed from normal hearing children. 

These changes were reported for children with a severe-profound UHL and it is not known 

what changes would occur with less severe UHL.  
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Tibbetts et al. (2011) used resting state functional connectivity (rs-fcMRI) measures 

to explore the inter-regional brain connections in children with UHL and reported differences 

in the frontoparietal and cingulo-opercular networks for 16 children aged 7-17 years with 

severe-profound UHL compared to normal hearing controls. These networks are associated 

with regulation of a task control maintenance (referred to a task-dependent cognitive state 

mode) (Dosenbach et al., 2006); the authors suggested that such differences might contribute 

to the educational and behavioural difficulties observed in children with UHL. Children with 

UHL showed higher connectivity between areas involved in episodic memory, place 

processing (i.e. parahippocampal gyrus), error detection, salience, decision making, attention 

to stimuli and anticipation (i.e. mid-cingulate). These changes could be compensatory 

mechanisms to overcome to some extent the listening difficulties experienced by children 

with UHL. In addition motor regions showed atypical connectivity for motor mouth regions 

(i.e. prefrontal cortex), which might be associated with the high rate of speech problems 

reported for the children with UHL in the study (9 out of 16 children), however no 

description of the speech problem characteristics was provided. There is also evidence for 

changes in cross-modal processing in children with UHL. Current evidence indicates the 

existence of inter-modality interactions within the brain (Kayser & Logothetis, 2007), for 

example activation of visual cortex during auditory stimulation. Some children with UHL 

present with atypical function not just for auditory processing but also for multimodal 

interactions (Propst et al., 2010; Schmithorst et al., 2014).  

In contrast to the peripheral auditory system, the central auditory system is not fully 

mature at birth. Most of the central auditory structures undergo functional and structural 

changes during childhood such as an increase in myelinisation, maturation of dendrites and 

connections and modulation of the excitatory/inhibitory activity balance (Bellis, 2011; J. K. 

Moore & Linthicum, 2007; Takesian, Kotak, & Sanes, 2009). These maturation processes 
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involve the refinement of neuronal functionality which is highly experience dependent 

(Malone, Scott, & Semple, 2002), and hence any sensory deprivation that interrupts this 

normal process within the auditory system is likely to lead to functional changes.  

Changes within the auditory system have been described extensively for neonatal and 

acquired bilateral hearing loss (J. Eggermont, 2016; Syka, 2002), however evidence about 

UHL plasticity effects in humans is still limited and to some extent inconsistent across studies 

(Bilecen et al., 2000; Burton, Firszt, Holden, Agato, & Uchanski, 2012; J. Eggermont, 2016; 

Khosla et al., 2003; Morita et al., 2007; Ponton, Moore, & Eggermont, 1999; Ponton et al., 

2001; Pross et al., 2015; Scheffler, Bilecen, Schmid, Tschopp, & Seelig, 1998; Vasama, 

Mäkelä, Parkkonen, & Hari, 1994; Vasama, Mäkelä, Pyykko, & HariI, 1995; Vasama & 

Mäkelä, 1996). Differences in sample number, hearing loss type and aetiology (i.e. 

sensorineural, conductive, acquired, congenital), age of the participants (adults and children), 

degree of hearing loss and the methodology employed (e.g. tones versus speech sounds used 

to elicit cortical evoked responses) may account for these inconsistencies.  

Auditory plasticity has been studied most commonly in adults who acquired a UHL 

after the auditory pathway maturation period. In this population the normal pattern of 

hemisphere asymmetry/asynchrony activity seen in people with bilaterally normal hearing is 

lost in some individuals and a more symmetric pattern of activity is observed across the 

hemispheres, based on studies using functional magnetic resonance imaging (fMRI), 

magnetoencephalography (MEG) and  electroencephalography (EEG) to measure auditory 

cortical activity (Burton et al., 2012; Fujiki et al., 1998; Hanss et al., 2009; Khosla et al., 

2003). This symmetric pattern appears to be more evident when the left ear is affected in 

UHL (Hanss et al., 2009; Khosla et al., 2003).  

In children the scenario might be different as, in addition to neuroplasticity, ‘critical 

developmental periods’ must be considered. During critical periods the auditory system is 
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more plastic and susceptible to effects of experiment irreversible changes; this is supported 

by animal studies (Kral, Heid, Hubka, & Tillein, 2013; McAlpine, Martin, Mossop, & Moore, 

1997; Polley, Thompson, & Guo, 2013). Critical periods in UHL may differ from what is 

observed in cases of bilateral auditory deprivation (Kral, 2007; Kral, Heid, Hubka, & Tillein, 

2013; Kral, Hubka, & Tillein, 2015) as there is intact input providing stimulation to the 

auditory system through one ear. Evidence from animal models indicates that in cases of 

binaural deprivation cortical responsiveness is decreased, whereas in animals with UHL 

changes are mainly seen as hemispheric reorganization of aural dominance toward the good 

ear (Tillein, Hubka, & Kral, 2016). Aural dominance or preference refers to the presence of 

stronger hemispheric activity in the cortex contralateral to the stimulated ear, as seen in 

binaural listeners with normal hearing (Kral, Hubka, Heid, & Tillein, 2013).  

Differences in auditory plasticity and changes such as reorganisation within the 

auditory cortex are likely to differ depending on whether the monaural deprivation occurs 

before or after the typical central auditory development period. This is particularly relevant 

from a clinical point of view as the appropriate timing to avoid or reverse the negative effects 

of the lack of binaural cues on sound localisation and speech recognition in people with UHL 

is likely to differ between late and early onset UHL (K. Gordon, Henkin, & Kral, 2015; 

Tillein et al., 2016).  

There are a number of questions that arise regarding auditory abilities in UHL: Are 

sound localisation and speech recognition in noise affected in the same way in children and 

adults?; Is it possible to see a differential effect of UHL on the pattern of auditory cortical 

brain activity between children and adults?; Are changes in auditory brain activity associated 

with perceptual difficulties reported by people with UHL?; How does auditory performance 

change over time after onset of UHL and is it possible to demonstrate benefits due to the 

recovery of binaural hearing with treatment? 
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Studies have shown some links between participant characteristics such as severity of 

the hearing loss, side of deafness and the impact of UHL. As the severity of the hearing loss 

increases auditory abilities such as recognition of speech in noise decrease (Bess et al., 1986). 

When the right ear is affected people tend to have more difficulty localising sounds compared 

to when the left ear is affected (Bess et al., 1986; Gustafson & Hamill, 1995) and cortical 

hemisphere reorganization is more evident in the presence of a left ear UHL (Hanss et al., 

2009; Khosla et al., 2003). Although studies such as these have explored the effects of UHL 

on a range of auditory measures, the impact of UHL is still not well established and hence 

further research is warranted in this area. This PhD investigated UHL in adults and children. 

It was hypothesised that people with UHL would experience difficulties localising sound, 

recognising speech in noise as well as perceiving difficulties in a broad range of listening 

contexts compared to normal hearing controls. It was also hypothesised that cortical auditory 

activity patterns in UHL would differ from that seen in normal hearing individuals, and that 

UHL in children and adults would have different effects on cortical auditory activity due to 

factors such as neuromaturational differences.  

 

Aims of the research 

This doctoral thesis aims to: 1) summarise the current evidence about the behavioural 

consequences of a UHL in children and adults, 2) present and describe the evidence for 

auditory plasticity evidenced by people with UHL, 3) propose behavioural and 

electrophysiological methods for studying auditory function in people with UHL, and 4) 

describe auditory function in UHL including behavioural abilities such as sound localisation, 

speech in noise recognition and self-perception of disabilities and auditory plasticity as 

evidenced by auditory cortical evoked potentials (CAEPs) elicited by speech sounds.  

Children and adults with UHL were investigated separately using similar 

experimental methods. Cross-sectional studies of groups of adults and children and 
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longitudinal single case studies of an adult and a child with single sided deafness were 

undertaken. The case studies explored the impact of UHL and hearing device use over time.   

 

Chapter Overview  

The thesis chapters provide a review of evidence and experimental work based on 

behavioural and electrophysiological approaches to describing the auditory function of people 

with UHL.  

 

Chapter 2 presents current evidence for the consequences of UHL in children and 

adults across different areas such as auditory performance, language abilities and educational 

outcomes. 

 

In Chapter 3, a brief review of the current evidence for auditory plasticity in UHL is 

presented. Chapter 3 provides a broad view about the auditory system and plasticity 

mechanisms that might takes place in cases of monaural auditory deprivation. 

Electrophysiological and imaging evidence is presented.  

 

In Chapter 4, the methodology used in the thesis for the behavioural and 

electrophysiological assessment of auditory function in the participants with UHL and control 

participants is described. Currently there are no specific guidelines for assessing people with 

UHL and there is considerable variation across studies in the approach used. Here we propose 

a comprehensive battery to assess a wide range of auditory abilities.        

 

In Chapters 5 and 6 experimental work carried on adults with UHL, a group study and 

a longitudinal case study are described. The group study addresses the effects of a UHL in a 

diverse adult population and examines several variables that could affect the changes 
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observed. The case report provides the opportunity to study the changes in behavioural and 

cortical responses over time and the impact of amplification in some detail in a single case. 

 

In Chapter 7, the results of experimental work in children are described. Chapter 8 

explores the effects of UHL and provision of a cochlear implant on behavioural and cortical 

responses in a child with single sided deafness over time.   

 

Finally, the discussion in Chapter 9 provides a general overview of the main findings 

and suggests recommendations for future research and the audiological management of 

people with UHL. 
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CHAPTER 2: Consequences of Unilateral Hearing Loss in Adults 

and Children  
 
 

Introduction 
 

The traditional point of view is that unilateral hearing loss (UHL) is a minor condition 

with no serious clinical consequences; typically people with UHL were not given 

amplification as one ear was considered sufficient to develop most auditory abilities. 

However, during the last decades, the evidence for significant consequences of UHL has been 

growing. People with UHL present with a diverse range of auditory difficulties, such as 

speech recognition in challenging situations (e.g. crowded noisy places and classrooms) and 

sound localisation. These effects can have major consequences in children, especially in 

educational settings. Children with UHL are at risk for language, learning, cognitive, social 

and educational problems (Kuppler et al., 2013; Sladen, Rothpletz, & Bess, 2008). In addition 

to the functional consequences, changes within the central auditory system (CAS) due to 

unilateral auditory deprivation have been widely reported widely (Ponton et al., 2001; 

Vasama & Mäkelä, 1995; Vasama & Mäkelä, 1997). Effects of UHL on CAS organisation 

and function are not as well established, however, as the behavioural consequences. This 

review discusses the evidence currently available regarding the effects of UHL on auditory 

skills and auditory plasticity in children with UHL. 

Prevalence  
 

The prevalence of UHL in children has been difficult to establish, however, some 

reports show that UHL could affect 0.4 to 34 per 1000 newborns (Lieu et al., 2010; Watkin & 

Baldwin, 2011) and 30 to 56 per 1000 school-aged children (D. S. Ross et al., 2008). These 

estimates vary widely as they are influenced by several factors, such as age cut-offs, 
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diagnostic criteria, sampling and testing methods used, hearing loss definition and inclusion 

of late-onset, progressive and acquired hearing loss (D. S. Ross et al., 2008). During the last 

20 years, newborn screening programs have helped to detect children with UHL who 

probably were not previously identified until school age, or when they had some medical 

condition that required a hearing assessment. Newborn screening has had a major impact on 

the detection age of UHL in children; some reports show a decrease in the average detection 

age from five years to three months (Brookhouser, Worthington, & Kelly, 1991; Fitzpatrick, 

Whittingham, & Durieux-Smith, 2013; Ghogomu, Umansky, & Lieu, 2014).  However, it has 

been reported that there are still a significant number of children with UHL who are not 

detected at birth (about 60%). One explanation for this could be the delayed onset of hearing 

loss in some children (Ghogomu et al., 2014), or perhaps hearing loss is progressive in some 

children and is not detected by universal newborn hearing screening.  

Definition for unilateral hearing loss  
 

Currently there are variations in the definition of a unilateral hearing loss across 

studies or institutions. The American National Standards Institute (ANSI) (American 

National Standards Institute, 1996) defines sensorineural UHL as average air-conduction 

thresholds (0.5, 1, 2 kHz)  ≥ 20 dB HL in the affected ear (average air-bone gap < 10 dB at 1, 

2, and 4 kHz), with an average air-bone gap no greater than 10 dB at 1, 2, and 4 kHz. In this 

definition average air-conduction thresholds in the good ear needed to be ≤ 15 dB HL. Bess 

et al. (1998) used the ANSI definition for UHL but included high-frequency sensorineural 

hearing loss, defined as  air-conduction thresholds  > 25 dB HL at two or more frequencies 

above 2 kHz in one ear with air-bone gaps at 3 and 4 kHz no greater than 10 dB. 

In the particular case of severe to profound sensorineural hearing loss (SNHL), the 

term single sided deafness (SSD) is commonly used. Recently Valente (2015) provided a 

definition for a permanent severe-to-profound unilateral sensorineural hearing loss (USNHL) 
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which is defined as pure-tone average (PTA) at 0.5, 1, 2, and 3 kHz ≥ 70 dB HL in the poorer 

ear with no measureable air-bone gap and PTA at 0.5,1,2,3 kHz in the normal hearing ear that 

is ≤ 20 dB HL. 

Growing evidence is showing that cochlear implants (CI) are a possible treatment for 

people with USNHL, primarily for adults (Arts, George, Stokroos, & Vermeire, 2012; 

Friedmann et al., 2016; Harkonen et al., 2015; Hoth, Rösli-Khabas, Herisanu, Plinkert, & 

Praetorius, 2016; Punte et al., 2011; Ramos Macías et al., 2015; Ramos et al., 2012) but there 

are also published reports of CIs being used to treat USNHL in children (Boyd, 2015; Firszt, 

Holden, Reeder, Waltzman, & Arndt, 2012; Hassepass et al., 2013; Plontke et al., 2013; Tá

vora‐Vieira, Marino, Krishnaswamy, Kuthbutheen, & Rajan, 2013; Távora-Vieira & Rajan, 

2016; Távora-Vieira & Rajan, 2015). In 2014 at the Cochlear™ Science and Research 

Seminar a group of experts proposed a hearing loss criterion for CI candidacy for people with 

USNHL. The eligibility criterion was defined as severe-to-profound hearing loss in the 

poorer ear and ≤ 30 dB HL PTA (pure-tone average threshold for 0.5,1,2, and 4 kHz) in the 

better ear (Vincent et al., 2015). 

It is of interest that the definition of normal hearing in the better ear in people with 

UHL varies across researchers. 

Educational, language and cognitive consequences 
 

The common idea that just one normal hearing ear is adequate for development of 

typical speech and language capacities has been reconsidered in recent times, in light of 

accumulating evidence for the effects of UHL (Kuppler et al., 2013). A number of studies 

have shown that, despite the presence of a normal hearing ear, children with UHL are at 

greater risk for language problems (i.e. for language comprehension and oral expression), 

academic failure, behavioural difficulties and needing further educational assistance at school 
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age, compared with their normal hearing peers (Jensen, Grames, & Lieu, 2013; Lieu, 2004; 

Lieu & Dewan, 2010; R. Oyler & McKay, 2008). Yoshinaga-Itano et al. (2008) summarised 

the language outcomes reported for children with mild bilateral and UHL, concluding that a 

severe to profound SNHL, right ear deafness, lower socioeconomic status, and unilateral 

SNHL combined with middle ear pathology may be associated with poorer outcomes on 

measures of language and academic performance in children with UHL. 

Academic outcomes of children with UHL 
 

The literature on academic consequences of a UHL is mixed, but academic failure is 

not uncommon among children with UHL. Some studies have reported up to 35% of children 

with UHL failing at least one grade at school, in contrast to 3.5% of control group children 

with normal hearing (Bess & Tharpe, 1984; Bovo, Martini, Agnoletto, & Beghi, 1988).   

In one study of 172 children with UHL, 59% presented with some kind of academic 

or behavioural problem at school (Brookhouser et al., 1991). In this study, there was no clear 

association between the severity of the hearing loss and the rate of school problems. This 

differs from Hartving et al.’s (1989) finding that a higher proportion of school problems was 

associated with severe to profound hearing loss (compared to less severe hearing loss) and a 

right ear impairment, regardless of the type of hearing loss (Hartvig Jensen et al., 1989; F. 

Oyler, 1988). Parents and teachers of children with UHL perceive problems in school 

performance in areas such as academics, attention, communication, participation and 

behaviour even when children have no apparent speech or language difficulties (Bess & 

Tharpe, 1986b; Dancer, Burl, & Waters, 1995; Jensen et al., 2013; Tieri, Masi, Ducci, & 

Marsella, 1988). Unfortunately, factors such as degree of hearing loss, cognitive function and 

parental support were not always explored in these studies although some of this information 

was obtained through informal assessment. 
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Contrary to these reports, Hallmo and colleagues did not find academic problems 

associated with UHL, however, information seems to be obtained from the teachers’ 

perceptions rather than from a formal assessment (Hallmo, Møller, Lind, & Tonning, 1986).  

 

Speech and language outcomes of children with UHL 
 

In some reports, about 40% of children with UHL required some kind of speech or 

language therapy regardless of aetiology (Jensen et al., 2013; Lieu, 2004), a higher proportion 

than the 22% proportion found for sibling controls in some studies (Lieu & Dewan, 2010). 

Reported language problems include delay in the use of  two-word  phrases, delayed 

language development, and worse language skills compared to siblings with normal hearing 

(Borg et al., 2002; Kiese-Himmel, 2002; Lieu, 2004; Sedey, Stredler-Brown, & Carpenter, 

2006). In a recent study, 34 newborns (median age 9.4 months) were four times more likely 

to have auditory behaviour delays and nine times more likely to have preverbal vocalization 

delays than bilaterally normal hearing peers, even when risks for development delay were 

absent (Kishon‐Rabin, Kuint, Hildesheimer, & Ari‐Even Roth, 2015). However the authors 

noted some study limitations such as small sample size, no access to information about other 

medical conditions (e.g. motor skills) or parents’ education and information was obtained 

from parents’ report, not from formal assessment of the child (Hallmo et al., 1986; Kishon‐

Rabin, Kuint, Hildesheimer, & Ari‐Even Roth, 2015). Table 1 summarises this and other 

studies showing educational and language consequences of a UHL. 

The literature is mixed regarding the impact of UHL on children’s speech and 

language. Some studies have found no evidence of speech and language difficulties (Hallmo 

et al., 1986; Tieri et al., 1988). Klee and Davis (1986) compared language skills using a 

battery of standardised tests in a group of 25 children with UHL to normal hearing controls 

and did not observe significant differences between the groups. However, when more 
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complex and lengthy commands were assessed using the Token Test for Children (which 

assesses the comprehension of verbal commands of different length and complexity) 

language performance scores showed significant differences within the UHL group for 

mild/moderate versus severe/profound hearing loss, with lower scores for the severe-

profound group. Deficits in language comprehension may have an important impact as tasks 

such as reading (Catts, Adlof, & Weismer, 2006) and understanding complex commands 

depend on language abilities and are needed for academic success (Silverman, 2006).  

Assessment of a sample of seven children with UHL using the Comprehensive Test of 

Phonological Processing, who were compared to their siblings, showed that phonological 

processing accuracy is compromised mainly when verbal information is unfamiliar (Ead, 

Hale, DeAlwis, & Lieu, 2013). Lower scores were seen in subtests such as blending 

words/nonwords, nonword repetition and segmenting nonwords. Recent evidence shows that 

adolescents with UHL have significant differences in language (i.e., lower vocabulary scores 

compared to normal hearing children) (José et al., 2014), full IQ, and performance IQ scores 

over time compared to normal hearing siblings. Despite showing some improvement over 

time, adolescents were not able to keep up with their siblings’ scores. However, the authors 

noted the limitations of the study such as small sample number and the use of standardised 

questionnaires which may not provide a complete view of the adolescents’ abilities (Fischer 

& Lieu, 2014).  

Overall, there is contradictory evidence regarding both language and academic 

outcomes for children with UHL reported across studies. Differences may be accounted for 

by a number of factors, such as: a) Most of these studies were published before universal 

hearing screening, when information about the nature of the hearing loss (e.g. congenital, 

acquired) was not available most of the time. Hence the onset of the hearing loss often was 

not well known. This point is relevant to the measurement of outcomes because a 
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postlingually acquired UHL (e.g. due to mumps, meningitis, chickenpox or measles) would 

not have the same impact on child language development or communication abilities as a 

congenital UHL., b) Some studies do not include information on the comorbidity of other 

pathologies (e.g. mixed hearing loss or multiple disabilities)., c) Studies include different age 

ranges and age is a relevant factor when assessing language abilities. A UHL may have a 

different impact on language acquisition in a pre-schooler engaged in noisy play with their 

peers versus an adolescent needing a high level of academic language in order to learn., d) 

The degree of hearing loss affects outcomes in children with bilateral hearing loss and hence 

is likely to have an impact on language abilities in children with UHL., e) Socioeconomic 

status and education levels within the family, which is related to language access for the child 

(Hart & Risley, 1995) is often not reported but is likely to vary across studies., f) The use of a 

range of tests including non-standardised tests to measure language and the assessment of 

different aspects of language across studies will contribute to differences in study outcomes., 

g) Most studies have limited follow up through to adolescence, although studies that have 

followed children tend to show increasing delay (Lieu et al., 2012)., and h) There is a 

possible selection bias, as children with UHL who present with language or speech problems 

are more likely to have their families look for assistance. The high proportion of language or 

speech problems reported in some studies may be influenced by this factor. With newborn 

hearing screening there is now the opportunity to follow all children with UHL to examine 

outcomes, rather than just those that present with problems, but there is still a risk that 

children who manage well with their UHL will not engage in research.
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Table 1.Summary of studies on educational and language consequences due to a UHL in children 

Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Kishon-Rabin et al. 
(2015) 

34 infants Type: 
SN 
CND 
 
Degree: 
Moderate to 
Profound 

• Infant-Toddler Meaningful Auditory 
Integration Scale (IT-MAIS) 

• Production of Infants Scale Evaluation 
(PRISE)  

 
 

• Four times greater risk for delays in 
auditory behaviour  

• Nine times greater risk for preverbal 
speech production delay  

 
Limitations 
• Sample size 
• No additional information about other 

conditions such as fine and gross motor 
development and ophthalmologic status. 
No information about parental education 
level  

• Parent report, not direct behavioural 
observation.  

     
Fischer & Lieu. (2014) 20 

children  
 
Aged 12-
17 years 

Type: 
SN 
Mixed 
CND  
 
Degree: 
Severe to profound 
 
 

• Oral and Written Language Scales 
(OWLS) 

• Clinical Evaluation of Language 
Fundamentals (CELF) 

• Wechsler’s Abbreviated Scales of 
Intelligence (WASI)  

• Adolescents with UHL showed worse 
overall and expressive language scores 
than controls, and lower full scale, verbal 
and performance IQ 

 
Limitations 
• Small sample size 
• OWLS, CELF and WASI are not 

comprehensive tests for assessing 
adolescents’ capabilities  

     
SN: Sensorineural; CND: conductive  
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SN: Sensorineural; CND: conductive; AA: Aural atresia 

 

Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Jensen et al. (2013)  74 children  

 
Aged 2-12 
years 
 
 

Type: 
CND AA 
 
Degree: 
Moderate  

• Speech pathologists’ evaluations 
including presence of articulation or 
language errors, voice or resonance 
abnormalities and history of speech 
therapy. 

• Parental report of school performance 

• 40% children with UHL required speech 
therapy 

• Children with right AA may experience 
greater problems with speech 
development than children with left AA. 

 
Limitations 
• Small sample size 
• Selection bias as children who 

experienced development difficulties are 
more likely to attend to the clinic 

• Speech and learning assessment followed 
a standard procedure not adapted to the 
study. Similar to parental reports.  

     
Lieu. (2004) 74 children  

 
Aged 6-12 
years  

Type: 
SN 
Mixed 
CND 
 
Degree: 
59% Profound 
15% Severe 
20% Moderate 
5% Mild 
 

• Word recognition using CID W-22 
word lists in noise at free field (+5, 0 
SNR) 8-talker speech babble 

• Oral portion of the Oral and Written 
Language Scales (OWLS) 

• Wechsler Abbreviated Scale of 
Intelligence (verbal, performance and 
full-scale IQ) 

• Parents’ report of speech-language 
problems, speech-language therapy or 
educational assistance 

 

• School children showed worse oral 
language scores than their normal hearing 
siblings.  
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SN: Sensorineural  

 

 

Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Kiese-Himmel. (2002) 31 children  

 
Aged 1-10 
years 

Type: 
SN 
 
Degree: 
45% Profound 
26% Severe 
23% Moderate 
6% Mild 
 
 

• Mental Maturity Scale  
• Language assessment 

 Picture vocabulary (assess 
receptive vocabulary 4-8 
years) 

 German version of K-ABC to 
evaluate expressive 
vocabulary  2  y 6 months / 2 
y 11 months 

 German test to evaluate 
expressive vocabulary  3 y -  
5 y 11 months 

 Illinois test of 
psycholinguistics abilities,  3 
y  to 9 y 11 months; Auditory 
reception, association, 
grammatical closure, 
Sequential auditory memory , 
auditory closure and auditory 
blending 

• Children with UHL scored in the normal 
range in standardised non-verbal 
intelligence tests. 

 
 
• Children with UHL did not experience 

more difficulty on the standardised 
linguistic tasks than normally hearing 
subjects of the same age and gender 

 
• They were delayed in using two words 

phrases (5 months) but not using their 
first words. (some parents didn’t 
remember the age of first word, biased 
toward 1 y probably) 

 
Limitations 
• Small sample number  
• Limitations for age to compare to norms 

for language and cognitive tests for some 
participants  

• Recall bias (parental report for speech 
onset) 
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Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Sedey et al. (2006)  26 children 

with UHL  
 

All types and 
degrees of HL  
12 months to 6 
years 
 

1. Minnesota Child Development 
Inventory 

 
2. The MacArthur Communicative 

Development Inventories 
 
3. The majority of the children were 

assessed on at least two occasions 
that were 6 months or more apart, 
with many children receiving three or 
four assessments over a 2-year 
period. At the time of testing, the 
children ranged in age from 12 
months to 5 years 

 

On the two parent-report instruments, 17% to 
23% of the children (depending on the 

measure examined) fell below the 10
th 

percentile compared with normative data for 
hearing children of the same age. 
 
A consistent pattern of language delay was 
demonstrated by 27% of the children, with an 
additional 7% presenting with a borderline 
delay 
 
Although not all of the children with severe to 
profound hearing loss demonstrated delayed 
language, all of the children with language 
delays had a severe to profound loss in their 
impaired ear 

Borg et al (2002) 211 
children 
 
Aged 4-6 
years 

Type: 
SN 
CND 
 
Degree: 
Not specified 
 

• Language test for hearing-impaired 
Children, LATHIC    
 Sensory, hearing-related,  or 

afferent function (A); 
 cognitive or central function 

(C); 
 Speech-production related, 

motor or efferent function 
(E); 

 

• UHL children have poorer scores than 
normal hearing controls mainly for the 
younger children with severe HL  (4-5 
years old) suggesting delay in language 
development 

     
SN: Sensorineural; CND: Conductive  
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Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Tieri et al. (1988) 280 UHL 

children  
79.4% profound 
89.3% flat type 
cases 
76.8% unknown 
aetiology  

Not reported No evident speech or language problems 
although parents report some difficulties for 
learning at school  

     
Hallmo et al. (1986)     56 children 

 
Aged 4-16 
years (two 
consultations) 

Type: 
SN 
Degree: 
16% Mild 
21% Moderate 
27% Severe 
36% Profound 
 

Not reported  • Normal school performance, normal 
linguistic development  

Limitations 
• Different aetiology (e.g. acquired due to 

mumps) 
• Parental reports 
• High proportion of high frequency 

hearing loss (> 2 kHz)  
     

SN: Sensorineural  
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SN: Sensorineural 

Study Sample Hearing loss 
characteristics  

Assessment Tools for Language  Outcomes / limitations 

     
Klee & Davis-Dansky 
(1986)     

25 children  
 
Aged 6 -18 y 

Type: 
SN 
 
Degree: 
64% severe to 
profound 
26%  mild to 
moderate 
 
 

• The Token Test for Children  
• Wiig-Semel Test of Linguistic 

Concepts  
• Illinois Test of Psycholinguistic 

Abilities 
 Auditory association subtask 
 Visual association subtask 
 Grammatic closure subtask 

• Auditory Verbal Learning Test  
• Detroit Tests of Learning Aptitude 

a. Verbal opposites subtask 
b. Auditory attention span 

for related syllables 
subtask 

c. Oral directions subtask 
• Mean length of utterance in words 

and morpheme 
 
Control group matched for IQ, 
socioeconomic status, gender and race 
 

• No differences between the two matched 
groups were found on a battery of 
language tests 

 
• Upon closer examination of the impaired 

group, it was found that those children 
with a unilateral loss of 60 dB HL and 
less had a significantly higher full scale 
I.Q. than those children with a more 
severe lost 

 
. 
Limitations 
 
• Age of onset was unknown in most cases, 

congenital may have a different effect 
than acquired hearing loss on language 
development 

• Children are not matched for performance 
scale IQ and nonverbal cognitive ability. 

• Battery tests used may not reflect the entire 
areas of a child’s language development 
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Cognition 
 

When cognition is examined in children with UHL using the Weschsler Intelligence 

Scale for Children (WISC), full scale IQ scores are within the normal range or similar to 

normal hearing peers (Culbertson & Gilbert, 1986; Klee & Davis-Dansky, 1986; Niedzielski, 

Humeniuk, Błaziak, & Gwizda, 2006). However, the degree of hearing loss has an effect in 

the full scale IQ; children with profound hearing loss have lower scores than children with 

lesser degrees of hearing loss, although still within the normal IQ range (Culbertson & 

Gilbert, 1986). Children who failed a school grade had lower verbal IQ scores than children 

with UHL who did not fail; although this difference was statistically significant, scores of 

failing students were still within the normal range for verbal IQ (Klee & Davis-Dansky, 

1986).  

One longitudinal study of 46 children with UHL found an improvement in oral 

language scores and verbal IQ over time (age-adjusted standardised scores) (Lieu et al., 

2012). The authors noted however that changes in the normative scores that the children with 

UHL were being compared to may not reflect the longitudinal developmental changes within 

typically developing children as cross-sectional studies of age cohorts are used to determine 

standardised scores. Also, practice effects cannot be excluded as a possible explanation for 

the scores of children with UHL improving over time. From the same study, Lieu et al. 

(2012) reported that children with UHL who received individualised educational support 

showed an improvement in their verbal IQ scores, indicating that this intervention was 

enough to have an impact on language. Also, children with UHL with a higher cognitive level 

had larger increases in language and verbal IQ. However, despite improvements in language, 

the school performance in a half of these children seems have been still affected by the UHL 

as parents and teachers still reported problems at school.  
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Working memory deficits have been reported in children with severe to profound 

UHL. One study (Ead et al., 2013) found poor working memory in children with UHL aged 

9-14 years compared to their normal hearing siblings for a task involving retention of verbal 

information. Deficits in working memory may be related to phonological processing deficits 

observed in the participants and hence may reflect language rather than cognitive difficulties.    

In a sample of 30 children aged 10 to 16 years (n=11, right ear; n=19, left ear) with a 

normal hearing control group matched for age and sex, right ear UHL had greater impact than 

left ear UHL on some verbal scores of the Rapid Alternating Stimulus Naming test (RAN) 

especially for tasks related to naming figures/letters and objects (Hartvig Jensen et al., 1989). 

Performance of the children with right ear UHL on the verbal subscale of the WISC (e.g. 

comprehension, similarities, digit span and coding) was also poorer compared to the matched 

control group than for the group of children with left ear UHL. 

 

Listening effort 
 

Listening effort refers to the cognitive resources employed to understand speech 

(Feuerstein, 1992; Hicks & Tharpe, 2002). Listening effort is directly related to cognitive 

capacity which is limited. When a person is engaged in a highly demanding primary task 

fewer resources are available to accomplish a secondary task such as recalling information 

and following conversation resulting in an increase in listening effort (Kahneman, 1973). 

Dual-task paradigms involving a primary and a secondary task have been developed to assess 

listening effort. Conditions where the signal to noise ratio (SNR) is unfavourable place high 

demands on cognitive resources, which can be measured as an increase in the effort needed to 

perform a second task in noise (Larsby, Hällgren, Lyxell, & Arlinger, 2005; Pichora-Fuller, 

Scheneider, & Daneman, 1995).  
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Using different SNRs typical of classroom conditions, Howard and colleagues found 

that normal hearing children tend to perform more poorly on a second task (digit recall) as 

SNR becomes more unfavourable (Howard, Munro, & Plack, 2010). One study using the 

dual-task paradigm (Hicks & Tharpe, 2002) in children with bilateral mild to moderate or 

high frequency hearing loss, in favourable listening conditions (quiet, +10, +15 and +20 dB 

SNR), found an increase in the listening effort when Phonetically Balanced Kindergarten 

word lists were presented in 20-talker background noise. Thus, the authors suggested that 

children with hearing loss may have even more difficulties and require more listening effort 

in classrooms where acoustic conditions normally are as unfavourable as -7 dB to +5 dB 

SNR.  Similar to studies of children with hearing loss, there is evidence from adults that a 

simulated mild unilateral conductive hearing loss has a significant effect on listening effort 

(assessed by a secondary task) in conditions where the signal is directed to the affected ear 

and noise to the good ear (Feuerstein, 1992).  

Currently, there is limited information available regarding the effects of UHL on 

listening effort in children, however it is reasonable to think that children with UHL, even of 

mild degree, will have speech recognition difficulties in noisy environments (McFadden & 

Pittman, 2008), resulting in a need for increased listening effort that is likely to be associated 

with fatigue. Supporting this idea, there is anecdotal evidence that children with UHL may 

require greater effort for speech recognition, especially in difficult listening situations than 

their normal hearing peers which may lead to learning and behavioural difficulties (Bess et 

al., 1998).  

 Although there is evidence suggesting that UHL has a detrimental effect on listening 

in poor acoustic conditions, there are a number of limitations of existing studies such as 

possible selection bias, small sample sizes, inconsistencies in the composition of the control 

group and lack of follow up that may have an impact on the validity of the findings. 
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Consistent with the idea of selection bias, Lieu and Dewan. (2010) found significant 

differences between studied and non-studied UHL participants in their demographic and 

socioeconomic characteristics (e.g. parents’ age and number of siblings). Information on non-

studied participants was obtained from medical records and hearing history also showed 

differences between groups. These factors may influence motivation to participate in 

research. For example, people with aural atresia/microtia and a conductive hearing loss where 

there is a possible surgical solution may be less likely to participate in research than people 

with SSD. This may be related to perception of low potential benefits of being part of a 

clinical study, in contrast to cases where the aetiology of the UHL is not determined or when 

there is no previous experience with amplification systems (Lieu & Dewan, 2010).  Thus the 

results of different studies cannot be generalised to all the children with UHL until the 

influence of the many potential factors associated with specific outcomes are better 

established. 

 

UHL effects on auditory performance 
 

The physiological advantage of having two normally hearing ears over just one 

normal hearing ear has been documented in multiple studies. These advantages can be 

summarised as binaural summation (Bess & Tharpe, 1986b; Keys, 1947; Pollack, 1948), the 

head shadow effect (Bess & Tharpe, 1986b; Sladen et al., 2008), better sound localisation 

(Bess & Tharpe, 1984; Lieu, 2004; Sladen et al., 2008) and binaural release from masking 

(Bess & Tharpe, 1986b; Brookhouser et al., 1991).  
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Binaural summation 

 

It is well established that the perception of sounds is louder when sounds are 

presented binaurally rather than monaurally (Keys, 1947; Pollack, 1948; Reynolds & Stevens, 

1960). In binaural conditions thresholds are about 3 dB better than monaural condition (Keys, 

1947), thus the loudness of a sound presented to one ear will be perceived as the same as that 

of a sound of a lower intensity presented to both ears. This difference can be expressed as 

binaural gain (dB) which can be in the range 6-10 dB at suprathreshold levels (Fletcher & 

Munson, 1933; Haggard & Hall, 1982; Hirsh & Pollack, 1948).   

This gain due to a binaural summation can lead to benefits especially for speech 

recognition in noise. Binaural summation results in an improvement of 17% to 18% on 

speech recognition scores in normal hearing adults for monosyllables (Persson, Harder, 

Arlinger, & Magnuson, 2001). When participants were asked to adjust the signal volume to 

follow the context of continuous speech they needed a 2.1 to 3.1 dB lower signal to noise 

ratio to perform the task for the binaural condition compared to monaural listening (monaural 

ear plugged condition) (Persson et al., 2001). In the case of a moderate conductive simulated 

UHL a loss of up to 9 dB SNR depending on the orientation of the source and noise has been 

observed; this can be expressed as 54% loss in discrimination scores (MacKeith & Coles, 

1971). In cases of complete UHL this loss can reach up to 18 dB indicating a major effect on 

speech recognition scores (MacKeith & Coles, 1971). Children with UHL have low 

performance on word recognition tasks in the presence of noise. The lack of binaural 

summation may contribute to these difficulties (Bess & Tharpe, 1986b; Persson et al., 2001). 
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Head shadow effect 

 
The head shadow effect refers to sounds attenuation by the head. Speech sounds are 

attenuated by 6-12 dB in the ear furthest away from the sound source when the speech comes 

from an azimuth of 45° to the listener (Shapiro, 1977; Sladen et al., 2008). The impact of the 

head shadow effect in people with UHL is pronounced, especially when the signal is 

presented to the bad ear and competing signals are presented to the good ear, regardless of the 

type of speech stimuli (words or sentences) and the age of the person being tested (Bess & 

Tharpe, 1986b; Kenworthy, Klee, & Tharpe, 1990; Klee & Davis-Dansky, 1986; Ruscetta et 

al., 2005; Sargent, Herrmann, Hollenbeak, & Bankaitis, 2001). The impact of the head 

shadow effect will depend on the configuration and severity of the hearing loss in the ear with 

UHL. People with preserved high frequency hearing in their impaired ear are likely to have 

better speech perception in noise due to the importance of high frequencies for speech 

intelligibility (B. C. J. Moore, 2016). 

 
Binaural release from masking  

 
Binaural release from masking refers to the improvement in the ability to detect pure 

tones or speech in the presence of background noise (i.e. masker noise), when the signal and 

competing sounds are presented with different interaural features (Hirsh, 1948; Levitt & 

Rabiner, 1967). Speech perception can improve by up to 12 dB (SNR) depending on 

masker’s characteristics and location (Brookhouser et al., 1991; Jones & Litovsky, 2011; 

Plomp & Mimpen, 1981). This phenomenon is particularly relevant in situations where the 

“cocktail party effect” is evident. This refers to the situation in which a normal hearing 

listener can engage in conversation in the middle of a room full of “masking” conversations, 

taking advantage of binaural cues due to the differences in locations of the voices and 

maskers in order to extract the target speech signal from the noise (Bronkhorst & Plomp, 
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1992). Several studies have reported a detrimental effect of hearing loss on binaural release 

of masking (Avan et al., 2015). In the particular case of UHL, adults and children are 

generally not able to take advantage of binaural cues and need more favorable auditory 

conditions to perform as normal hearing listeners do on speech recognition tasks; these 

deficits in speech perception are expressed as higher SNR dB values required for speech 

recognition (Bess & Tharpe, 1986b; Rothpletz, Wightman, & Kistler, 2012; Ruscetta et al., 

2005; Welsh, Welsh, Rosen, & Dragonette, 2004). Different approaches were used in these 

studies with stimulus conditions ranging from quiet to 0 to +20 dB SNR. 

Sound localisation   

 
Sound localisation is markedly affected in children with UHL, with a trend for the 

degree of hearing loss to be correlated with the localisation error magnitude, especially for a 

high frequency stimulus. High frequency pure tones (e.g. 3 kHz) are more difficult to localise 

than low frequency pure tones (e.g. 0.5 kHz) stimulus (Bess & Tharpe, 1986b; Humes et al., 

1980; Priwin, Jönsson, Hultcrantz, & Granström, 2007). This relates to the use of different 

cues for localisation of low and high frequency sounds. Differences in timing and intensity 

between ears are important for localising low and high frequency sounds, respectively, in the 

horizontal plane (Häusler, Colburn, & Marr, 1983; Middlebrooks & Green, 1991). In real life 

people are usually listening to complex broadband signals such as speech, however. 

Compared to pure tones listeners have fewer errors when more complex stimuli such as 

speech or filtered noise are used (P. Johnstone et al., 2010; Newton, 1983).   

Age is another factor which may contribute to differences in localisation abilities. 

Children with unilateral SNHL aged below 10 years of age had larger error scores than the 

older group in one study (P. Johnstone et al., 2010). Although sound localisation abilities may 

improve with age for children with UHL they are still delayed compared to age matched 
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normal hearing children. Some studies show an improvement over time in sound localisation 

abilities. Wilmington et al. (1994) reported, in a group of 19 individuals (aged 6 to 33 years), 

an improvement in localisation abilities after reconstructive surgery (for congenital 

conductive hearing loss), however, none of the UHL participants reached localisation error 

levels (absolute errors in degrees) similar to normal hearing controls despite having a normal 

or near normal pure tone average after the surgery. Furthermore, there was no clear response 

pattern for their errors (Wilmington et al., 1994). 

There is wide variability in sound localisation individual performance among subjects 

with UHL (Humes et al., 1980; Newton, 1983; Slattery & Middlebrooks, 1994; Wilmington 

et al., 1994). Some individuals are able to localise sounds correctly regardless of the type and 

degree of hearing loss. Newton reported that, from a sample of 44 children with severe to 

profound SNHL, participants with at least eight years of hearing loss had better performance 

on sound localisation tasks (Newton, 1983). Most of the sample had unknown aetiology but 

Newton suggested that the hearing loss was likely to be acquired in most cases. Newton noted 

that duration of the hearing loss is probably not the key variable related to a better 

performance. The time when the UHL was acquired is probably a more relevant factor 

affecting performance. Animal studies show that sound localisation is fairly good when 

animals are raised with a unilateral ear plug during the early stages of life (A. J. King et al., 

2011). Newton (1983) suggested that if a child is born with or acquires a UHL before spatial 

maps are formed in the central auditory nervous system, sound localisation performance may 

be better than if the UHL is acquired later after spatial maps are formed, when considerable 

auditory plasticity would be required to recover sound localisation abilities with the changed 

input to the auditory system. Some researchers have suggested that some individuals with 

unilateral conductive hearing loss are able to develop a spatial map relying on monaural cues 

only. In these cases access to bilateral cues after surgery may or may not have a major impact 
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on sound localisation performance depending on their ability to adapt their spatial maps to the 

change in input post-surgery (Slattery & Middlebrooks, 1994).  

In animal models, such as barn owls, it is possible to observe rapid adaptation to 

changed auditory cues with recovery of sound localisation behaviour happening quickly in an 

ear plug condition. When this occurs during developmental stages, these changes are 

accompanied by a neuron re-coding period at different levels of the auditory system 

(including midbrain nuclei, thalamus, and forebrain) in the barn owl. This shows “rewiring” 

of the connections among the structures in the auditory system. The new connections allow 

effective adaptation to an abnormal spatial map, avoiding the loss of accuracy of spatial 

stimulus representation within the auditory system. Human listeners given a sudden onset of 

(simulated) UHL in earplug experiments do not show such rapid adaptation, although there is 

evidence of improvement in sound localisation over time (Kacelnik, Nodal, Parsons, & King, 

2006).  

Differences between types of hearing loss are likely to influence sound localisation. 

For example, in conductive  unilateral hearing loss loud sounds can be perceived via bone 

conduction in both cochleae, perhaps disrupting  timing cues more than intensity cues for 

localisation (Häusler et al., 1983; Noble et al., 1994), whereas for SNHL spectral analyses 

may be more affected, especially for high frequency hearing loss (Häusler et al., 1983).  

In studies in which ear effects have been explored, there is some evidence for a 

greater impact of right ear hearing loss. Adults have higher number of errors when the right 

ear is occluded simulating a conductive hearing loss (Gustafson & Hamill, 1995). This is in 

concordance with findings for children with unilateral SNHL, for whom right ear UHL is 

associated with more significant localisation errors compared to left ear hearing loss (Bess & 

Tharpe, 1986b).  
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Speech perception 

 
 Speech perception in challenging auditory environments, such as classrooms and 

crowded places, can be affected even in normal hearing people. To overcome this, sound is 

perceived and processed binaurally, detecting and utilising differences between the signals 

reaching each ear. In cases of UHL, these cues are not available or degraded, producing 

difficulties in speech recognition, especially in the presence of background noise (Rothpletz 

et al., 2012). 

Infants and young normal hearing children require a greater SNR than adults to 

identify speech sounds in the presence of masking noise (Neuman, Wroblewski, Hajicek, & 

Rubinstein, 2010; Papso & Blood, 1989), therefore young children with UHL may experience 

more difficulty with speech in noise than adults with UHL (Lieu, 2004; Ruscetta et al., 2005; 

Schafer et al., 2012). There is evidence for this in some studies showing that speech 

recognition in children with unilateral SNHL is compromised regardless of the SNR or 

speech/noise condition presentation (speech to good/bad ear, different azimuths), in 

comparison to normal hearing peers (Bess & Tharpe, 1986b; Ruscetta et al., 2005). Children 

with UHL who present with difficulties at school tend to have lower speech in noise scores 

than children who do not. This difference is significant for listening in quiet and when the 

signal is directed to the normal hearing ear, however there may be other factors such as 

language abilities (not reported) that could account for these differences (Bess & Tharpe, 

1986b).  In Bess and Tharpe’s (1986) study, children who had more severe hearing loss had 

poorer scores than children with milder impairment in all conditions assessed, with 

differences for quiet and +10 dB SNR conditions. 

 If noise and reverberant conditions are sufficient to interfere with verbal 

communication in adults, they may also be sufficient to interfere with the acquisition of 

language and listening skills in young children. Children with normal hearing have 
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significantly more speech recognition errors in the classroom when noise is present than in 

quiet conditions (Schafer et al., 2012). It is recognized that noise and reverberation in 

combination produce significant problems in speech understanding for children with binaural 

hearing loss. Therefore, it is expected that noise would have an adverse effect on the speech 

recognition of those with UHL, interfering with learning for children who are not able to 

compensate (Bess & Tharpe, 1984).  

Overall the literature indicates that impairment on speech recognition tasks may vary 

depending on the degree of hearing loss and whether the right or left ear is affected (Bess & 

Tharpe, 1986b; Hartvig Jensen et al., 1989; Hartvig Jensen, Johansen, & Børre, 1989). 

Another associated factor, which could account for poor speech-in-noise performance in 

children with UHL, is possible language impairment. There is some evidence that impaired 

language knowledge and abilities (e.g. phonological awareness) may account for lower 

speech in noise recognition performance in both normal hearing and hearing impaired 

children (Caldwell & Nittrouer, 2013; Nittrouer et al., 2013). This association is not clear at 

all, however, as some studies have failed to find relationships between language abilities such 

as phonological awareness and speech in noise recognition performance in typically 

developing children (Lewis, Hoover, Choi, & Stelmachowicz, 2010).  

Temporal processing in UHL 

 

The processing of all time aspects of an acoustic signal is referred as temporal 

processing. Temporal resolution, temporal integration, temporal ordering, perception of 

signals in the presence of masking, sound localisation and speech perception are some of the 

abilities that depend on temporal processing. Temporal processing plays a  role in auditory 

and language behaviors such as pitch, phoneme and duration discrimination and listening 

abilities involving segregation of competing signals (Chermak & Lee, 2005). Normal hearing 
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subjects are able to detect and use both spectral and temporal cues to perform speech in noise 

tasks, however listeners with hearing loss lose access to some or all of these cues, leading to 

difficulties perceiving speech in noise (R. W. Peters, Moore, & Baer, 1998).  

Functional specialisation of the auditory areas of the left and right cerebral cortices 

has been carefully documented, primarily using imaging studies, including positron emission 

tomography, functional imagin (fMRI), and magnetoencephalography (Lazard, Collette, & 

Perrot, 2012; Tervaniemi & Hugdahl, 2003; Zatorre & Belin, 2001; Zatorre, Evans, Meyer, & 

Gjedde, 1992). Similar results have been obtained in clinical studies of patients with 

unilateral brain lesions. The general findings of these studies are that auditory areas in the 

right hemisphere are more specialised for spectral processing of tonal stimuli and music, and 

areas in the auditory cortex of the left hemisphere contribute more significantly to the 

processing of temporally complex and rapidly-changing stimuli (Hine & Debener, 2007; 

Sininger & de Bode, 2008; Tallal, Miller, & Fitch, 1993; Zatorre, Belin, & Penhune, 2002; 

Zatorre et al., 1992). 

Sininger and de Bode (2008) studied 12 adults with severe to profound SNHL (aged 

15 to 55 years with a congenital or early onset < 5 years), and measured gap detection 

thresholds using a broad band, 0.4 and 4 kHz stimuli. No significant difference between the 

good ear of listeners with UHL compared to normal hearing controls (matched left or right 

ear) were reported for gap detection performance. This suggests that there were no 

compensatory changes in the good ear due to a congenital UHL. Contrary to these findings, 

more recently, Mishra et al. (2015) reported that a sample of 13 individuals with severe to 

profound congenital or early onset SNHL (aged 16 to 36 years) had a poorer temporal 

resolution for the good ear (gap detection thresholds, between-channel approach) compared 

to normal hearing controls. Similarly, Maslin et al. (2015) reported better intensity 

discrimination limens (decreased thresholds) in the good ear of a group of 11 adults who 
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underwent acoustic neuroma removal (resulting in unilateral profound SNHL) compared to 

normal hearing controls. Overall, there is new evidence indicating that the normal ear in a 

person with UHL exhibits adaptive changes, however, the perceptual consequences are still 

not well understood. One possible effect of these changes could be on the ability to recognise 

speech in noise where temporal processing is needed to differentiate complex stimuli such as 

speech (Bellis & Bellis, 2015; Kidd, Arbogast, Mason, & Gallun, 2005; Shinn, Chermak, & 

Musiek, 2009).    
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CHAPTER 3: Evidence of auditory plasticity in people with 

unilateral hearing loss 
 

Introduction  
 

 The concept of brain plasticity involves anatomical and functional changes within the 

nervous system produced by an injury, learning or change in the environment (Kleim & 

Jones, 2008; Kral & Sharma, 2012). It is known that sensory systems, such as vision and 

audition, have the ability to adapt to new changes in the information provided by the 

environment.  Sensory systems show evidence of plasticity through changes in the neural 

coding arrangement in response to variations in acoustic environmental features, which 

normally change constantly (Merabet & Pascual-Leone, 2010; Šuta, Popelář, & Syka, 2008). 

The mechanisms of processing within the auditory system rely heavily on the stimulation to 

which the subject has been exposed (Malone et al., 2002). An example of this is the 

perception of a sound in auditory space, which depends on the properties that characterise an 

acoustic stimulus (stimulus statistics, such as intensity or/and spectral variance). There is 

evidence that neurons in the inferior colliculus can change their responses as a result of 

variations in auditory stimulus statistics (Dahmen, Keating, Nodal, Schulz, & King, 2010), 

indicating that the auditory system has plasticity at subcortical levels. 

Changes in the environment could, for example, result from hearing loss, or the use of 

amplification systems such as hearing aids or cochlear implants. The ability to adapt to 

changes in auditory input seems to be more prominent during the developmental stages of life 

(Ismail, Fatemi, & Johnston, 2016; Kral, 2013)  

 Auditory deprivation results in several changes within the auditory system, including 

changes in individual neurons as well as functional networks and frequency maps (A. J. King 
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& Moore, 1991; Salvi, Wang, & Ding, 2000; Syka, 2002). People with UHL provide 

researchers with the opportunity to study central auditory effects of severe asymmetry in 

auditory input at the level of the ear. Although contralateral connections are primary in the 

auditory pathway, each ear also has afferent projections to the ipsilateral auditory cortex, and 

it is possible for a single ear to detect and process both temporally complex and simple tonal 

stimuli. One consequence of the adult onset unilateral ear ablations in non-human mammals 

is a reorganization of central projections from the remaining ear, showing stronger ipsilateral 

cortical activation (more symmetrical activation) than is seen in control animals (Popelář, 

Erre, Aran, & Cazals, 1994). Thus unilateral hearing loss disrupts the normal pattern of 

activity in the central auditory nervous system. 

 

Auditory Pathway Anatomy and Physiology  
 

Within the central auditory system, the cochlear nucleus (CN) on each side of the 

brainstem receives inputs from the ascending auditory fibres of the ipsilateral ear (F. E. 

Musiek & Baran, 1986; Pickles, 2015). The CN represents the first relay station within the 

central auditory pathway where auditory inputs signals are directed toward different 

ascendent tracts; most of the information cross the midline reaching the contralateral cortex 

(D. Moore, 1991; Pickles, 2015) 

The ipsilateral and contralateral pathways provide a better representation of both ears, 

allowing better preservation within the auditory system of the temporal cues in the incoming 

acoustic signal (Pickles, 2015). Rosenzwieg (1951) studied in cats the representation of sound 

at the cortical level to monaural/binaural stimulation using an electrophysiological approach, 

using clicks as stimuli. To monaural presentation, contralateral ear hemisphere responses 

were larger in amplitude, thus the hemispheric contralateral representation of the signal 

reaching the stimulated ear was larger than the ipsilateral representation. 
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 Within the central auditory system (CAS), most neurons are able to respond to 

stimulation of either ear. Excitatory input normally comes from one ear whereas the other ear 

can provide excitatory or inhibitory input. The contralateral ear pathway is normally referred 

as “excitatory dominant” whereas the ipsilateral ear can provide either excitatory or 

inhibitory input (D. Moore, 1991). The interaction between inputs to the two ears modulates 

activity within the auditory pathway. This interaction plays an important role for some 

auditory abilities such as sound localisation where variations of inter-aural cues are relevant, 

especially for sound localisation in the horizontal plane (D. Moore, 1991). 

 

Contralateral Hemisphere Dominance 
 

 In normal hearing individuals, monaural sound presentation produces bilateral 

hemisphere activation, however this is stronger in the hemisphere contralateral to the ear 

stimulated. Contralateral pathways have a larger number of fibers compared to ipsilateral 

pathways (Adams, 1979; Coleman & Clerici, 1987; R. Moore & Goldberg, 1963). This is 

known as contralateral dominance or preference (Firszt, Ulmer, & Gaggl, 2006). Thus the 

neural representation of the stimulated ear is stronger contralaterally at cortical levels 

(Rosenzweig, 1951). This contralateral dominance can be found within the auditory system 

for structures above the CN (Popelář et al., 1994). Kimura (1967) proposed that in the normal 

system with bilateral inputs the ipsilateral pathways are suppressed, leading to stronger 

contralateral activity.  

It is possible to observe an asymmetry of the brain hemisphere activity to monaural 

stimulation using a range of paradigms including electroencephalography (EEG) (Butler, 

Keidel, & Spreng, 1969; Connolly, Manchanda, Gruzelier, & Hirsch, 1985; Khosla et al., 

2003; Näätänen & Picton, 1987; Ponton et al., 2001), magnetoencephalography (MEG) 

(Pantev, Ross, Berg, Elbert, & Rockstroh, 1998; Reite, Zimmerman, & Zimmerman, 1981; B. 
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Ross, Herdman, & Pantev, 2005) and functional magnetic resonance imaging (fMRI) 

(Jäncke, Wüstenberg, Schulze, & Heinze, 2002; Langers, van Dijk, & Backes, 2005; 

Scheffler et al., 1998; Suzuki et al., 2003). This dominance is evident as larger 

amplitude/shorter latency (asymmetry and asynchrony respectively) or higher activity for 

recordings are seen over the hemisphere contralateral to the stimulated ear. Factors such as 

stimulus level, frequency, type the stimulus (e.g., tones versus speech), ear of stimulation and 

anatomical variations across participants may influence the degree of contralateral dominance 

observed in humans (Firszt et al., 2006; Hine & Debener, 2007). 

 

Evidence of plasticity in UHL: Electroencephalography (EEG) and 
Magnetoencephalography (MEG) studies   
 

The EEG reflects the post-synaptic spontaneous or stimulus-evoked synchronous 

activity of neurons, MEG represents the magnetic fields associated with electrical currents. 

As the recording sites are normally on the scalp, signals have to cross many brain structures 

to reach the recording sites. Hence distortion and filtering affect the recorded signal and 

recordings from scalp electrodes or MEG sensors have relatively poor spatial resolution, in 

the order of centimeters. This affects the ability to differentiate structures underlying evoked 

responses that have similar spatial location (Mulert, 2010). One of the advantages of EEG 

and MEG techniques over fMRI is the higher temporal resolution (i.e., milliseconds) 

(Gosseries et al., 2008; Luck, 2005). Because of this high temporal resolution it is possible to 

measure reliable differences in evoked response latencies between hemispheres of a few 

milliseconds. 
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Contralateral dominance index 

For the study of auditory function in people with UHL, normally N1 response has 

been selected as the parameter of interest for adult studies (referred to as N1m for MEG 

recordings). N1 is a vertex-negative response with a latency of about 100 ms for adults. N1 

can be elicited by tones, clicks and speech, N1 has multiple sources including primary 

auditory and association cortex and it reflects the detection of a signal (neural encoding) at 

the cortical level (Hyde, 1997; B. A. Martin, Tremblay, & Korczak, 2008). Inter-hemispheric 

asymmetry can be measured as contralateral hemisphere dominance (CHD) expressed as [C-

I/ C+I] (Hine, Thornton, Davis, & Debener, 2008), and as the percentage of the asymmetry 

between hemispheres [CHD= 100*(C-I/ C)] or [CHD=100*(C-I)/(C+I)] (Hanss et al., 2009; 

Khosla et al., 2003), where C and I represent the amplitude/latency values for recordings that 

were contralateral and ipsilateral to the stimulated ear. For amplitude, a positive value 

indicates contralateral dominance (larger contralateral responses) and for latency, a negative 

value indicates contralateral dominance (shorter contralateral latencies).Values close to zero 

indicates a synchronic and symmetric activity.  Table 2 summarised EEG and MEG studies in 

UHL population.  

 

 

 



42 
 

Table 2.Summary of studies using EEG and MEG techniques to investigate the auditory function of people with UHL. 

Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Ponton et al. (2001) 15  participants  

 
Mean 43.7 years  
Range 7  to  67  years     

Profound SNHL due to 
acoustic neuroma surgery or 
sudden hearing loss  
 
 

EEG 
 
Stimuli: Click trains, 65 dB 
SL  

• Symmetrical and 
synchronous activation 
in the UHL group  

• Increase of ipsilateral 
hemisphere activation  
for UHL participants  

 
Hine et al. (2008) 
 

6  adults  
 
Mean age 57 years 

UHL due to acoustic 
neuroma surgery  
 
Duration: 5-11 years 
 

EEG 
 
Stimuli: 1 kHz tone /white 
noise, 60 dB SL  

• No hemispheric changes 
in a long-term UHL 

Hanss et al. (2009) 18 adults  
 
Range 27 to 59 years 
 

Profound HL, bone > 65 dB 
HL  

EEG 
 
Stimuli: 1 kHz tone-burst, 
/pa/ speech  
 

• Symmetrical activation 
for left ear UHL to tone-
burst stimuli, shorter N1 
latency ipsilateral to the 
stimulated ear (right)  

Khosla et al. (2003) 19 adults 
 
Mean age 32 years 
Range  25 to 38 years  
 

Profound UHL  
 
Duration: M=2.4 years 

EEG 
 
Stimuli: Click train, 70 dB 
nHL  

• Left ear UHL presented 
more symmetrical 
hemispheric activation  

• Increase ipsilateral 
hemisphere  activity to 
right ear presentation 
(left ear HL)  

     
SNHL: Sensorineural hearing loss 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Maslin et al. (2013b) 6 adults  

 
Mean age 52 years 
Range 40 to 69 years  

Moderate to Severe HL (pre 
surgery) 
 
Profound HL (post-surgery) 

EEG 
 
Stimuli: 0.5 and 4 kHz pure 
tone, 60 dB SL   
 
Tested 1, 3 and 6 months 
after acoustic neuroma 
surgery  
 

Pre surgery  
• Higher amplitudes and 

dipole in both 
hemispheres (UHL) 
compared to matched 
controls  

Post-surgery 
• Rapid changes, for P1 

topography  within  1 
month 

• Slow changes for N1 in 
topography and strength 
within 6 months 

• N1 amplitude 
asymmetry is reduced by 
6 months  

Vasama et al. (1994) 
 
 

6 participants 
 
Mean age 19 years 
Range 7 to 28  years  
 

Severe congenital 
conductive hearing loss 
 
 
 

MEG 
 
Stimuli: 1 kHz tone burst,  
50/ 70 dB HL 

• Just one of the 
participants presented 
with changes in 
hemisphere responses, 
ipsilateral amplitude was 
larger 

• In 3 participants 
latencies were shorter 
over the ipsilateral 
hemisphere. 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Vasama et al. (2001) 
 
 

7  adults  
 
Mean age 46 years 
Range 37 to 60 years 
 
   
 

Acoustic Neuroma  
 
Pre-surgery  
 
Range from normal to 
moderate hearing loss (PTA) 
 
Post-surgery 
 
4 profound hearing loss  
3 preserved hearing   
 
 

MEG 
 
Stimuli: 1 kHz tone burst,  
80 dB SPL 
 
Before and after neuroma 
surgery  

Pre-surgery 
 
• No difference between 

UHL group and controls 
in strength and latency 

 
Post-surgery 
 
• Increase in N100m 

latency (healthy ear) 
after 6 months  over both 
hemispheres 

• Amplitude reduction 
from the ipsilateral side 
(affected ear) 

 
Vasama et al. (1997) 
 

5  participants  
 
Mean age 18 years 
Range 10 to 25 years 

Profound SNHL from early 
childhood < 5y 
 
 

MEG 
 
Stimuli: 1 kHz tone burst,  
80 dB SPL 

• Ipsilateral N100m 
differed from 
contralateral responses 
same as in controls.  

• Contralateral dominance 
were clearer in patients 
than controls 

• Early HL onset  leads to 
prominence of the 
P100m-N200m response 
pattern, normally seen in 
children 

     
PTA: Pure tone average  
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Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Vasama et al. (1995)  
 
 

8 adults  
 
Range 35 to 48 years 
 

Sudden SN  
 
4 profound hearing loss 
4 thresholds up to 5 kHz 
 
Duration: 2-5 years of onset 
at the testing time   
 
 
 

MEG 
 
Stimuli: 1 kHz tone burst,  
60 dB HL 

• 3 participants showed 
similar responses to 
normal hearing controls, 
stronger contralateral 
responses 

• 5 had response 
modifications suggesting 
reorganisation, shorter 
responses and strength 
over hemisphere 
ipsilateral to the 
stimulation 

 
Vasama et al. (1995) 
 

9 adults 
 
Mean age 49 years 
Range 19 to 56 years  

Hearing loss due to acoustic 
neuroma surgery  

MEG 
 
Stimuli: 1 kHz tone burst, 
 60 dB HL 

•  Responses were 
abnormally small and 
delayed at 1 month after 
the surgery and 
recovered to the normal 
level within 1 year 

• Abrupt UHL caused 
marked immediate 
changes in the functions 
of auditory pathways,  
lasting about 1 year 

• During the follow up  the 
amplitudes reached  the 
control group level 

     
SN: Sensorineural 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Vasama et al. (1998)  
 
 

7 adults  
 
Mean age 38 years 
Range 26 to 51 years  
 

Conductive hearing loss  
 
5 otosclerosis 
2 ossicular chain dysjunction 

MEG 
 
Assessment pre and post 
middle ear surgery  
 
Stimuli: 1 kHz tone burst, 
 80 dB SPL 

• Strength increase 5% 
contralateral to the 
stimulated ear and 11% 
for ipsilateral.   

 
• The postoperative source 

locations did not differ 
noticeably from controls 

 
Po-Hung et al. (2003) 9  adults 

 
Mean age: 43 years 
Range 27 to 72 years 

Sudden Sensorineural 
 
Time of assessment 3 days to 
3 weeks after hearing loss 
onset  

MEG 
 
Stimuli: 1 kHz tone burs,  
70 dB SPL 

• Loss of contralateral 
dominance on healthy 
ear stimulation 

Li et al. (2006) 16 adults  
 
Mean age 43 years 
Range 21 to 72 years 
 
 

Sudden Sensorineural 
 
Threshold ≤ 60 dB HL at 
1000 Hz 
 
 
 

MEG 
 
Stimuli: 1 kHz tone burst,  
70 dB SPL 

• Ipsilateral dominance for 
healthy ear stimulation 
for P50m and N100m 
dipole strength could be 
possible for contralateral 
inhibition and enhanced 
ipsilateral excitation (or 
loss of inhibition) in 
response to healthy ear 
stimulation.  

 
Contralateral dominance was 
preserved with affected ear 
stimulation but ipsilateral 
dominance was seen with 
healthy ear stimulation. 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcomes  

     
Morita et al. (2007) 2 adults  Sudden Sensorineural  

 
Complete hearing recovery 

MEG 
 
Stimuli: 1 kHz tone burst, 
40, 50, 60 and 70 dB HL 
 
Assessment at 3 different 
time points after the hearing 
loss onset  
 
 

• Participants had  
enhancement of N100m 
in the acute phase but 
not at the recovery phase 
(affected ear 
stimulation), and 
stronger N100m in 
ipsilateral than 
contralateral hemisphere 
in response to the 
healthy ear stimulation 
(acute phase)  

• Enhancement disappears 
over time  

Fujiki et al. (1998) 17 adults  
 
Mean age: 37.4 (17.6) 
 
 
 

Mean pure tone average 
(0.25, 5, 1, 2 and 4 kHz):  
106.8 (7.7) for the affected 
ear  
 
Duration: 1 week to 43 years   
 

MEG  
 
Stimuli: 1 kHz tone burst 
and /a/ speech  

• Participants with more 
than 3 weeks of HL, the 
average N100m latency 
in the ipsilateral 
hemisphere did not 
differ from contralateral 
hemisphere.  

• Some participants 
congenital or early onset 
deafness, the equivalent 
current dipole (ECD) 
moment was larger in 
the ipsilateral 
hemisphere than in the 
contralateral hemisphere 
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EEG studies 

 Ponton and colleagues. (2001) studied 15 subjects in the age range 7-67 years who had 

a profound SNHL. This group had a more symmetrical and synchronous hemisphere 

activation based on measurement of the N1 response compared to normal hearing individuals. 

This is presumed to be related to an increase of activity (i.e. shorter latencies and/or larger 

amplitudes) over the hemisphere ipsilateral to the stimulated (unaffected) ear. In the same 

study, individuals were allocated into two groups according to hearing loss duration (< 2 

years and ≥ 2 years relative to the assessment time) and the magnitude of the reduction in the 

contralateral dominance was related to the duration of the deafness. Longer periods of 

auditory deprivation are likely to be associated with larger cortical changes, for instance in 

participants with longer periods of deafness. Hence the effect of duration of hearing loss 

observed in this study may be due to age effects. Ponton et al. suggested that longitudinal 

studies are needed to determine the relative impact of factors such as age and duration of 

UHL on auditory hemispheric dominance.  

Others studies of adults with profound UHL have reported similar findings however 

this symmetrical inter-hemispheric activity seems to be ear dependent or perhaps just 

associated with left ear deafness (right ear presentation). Hanss et al. (2009) recorded cortical 

auditory evoked potentials elicited by a 1 kHz tone and the speech syllable /pa/, in 18 adults 

with SNHL (> 65 dB HL for frequencies 0.25 to 8 kHz). For left ear hearing loss there was 

greater activity over the hemisphere (T4-T5 locations) ipsilateral to the stimulated ear in 

response to the speech sound, indicating reduced contralateral dominance. Consistent with 

this, Khosla et al. (2003) also found higher click-evoked CAEP ipsilateral hemispheric 

activity and decreased contralateral dominance relative to normal hearing individuals for 

participants with left ear hearing loss in a group of 19 adults with profound UHL (M= 47 

years, range 16-48 years). Thus there is some electrophysiological evidence that changes 
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within the auditory cortex depend on the ear of deprivation, suggesting ear-dependent 

differences in cortical reorganization in UHL.  

Maslin et al. (2013b) conducted a longitudinal study of six adults who underwent 

acoustic neuroma surgery and controls and reported a differential time course for the plastic 

changes observed. Pre–surgery, participants had moderate to severe hearing loss, and cortical 

activity revealed higher amplitude and dipole strengths for both hemispheres compared to 

matched controls, however, no significant differences between groups for hemisphere 

asymmetries were observed. Changes in auditory cortical activity resulting in measureable 

differences in the scalp distribution of CAEPs are likely to be in response to a central gain 

imbalance due to the auditory deprivation (Mulders & Robertson, 2011; Rajan, Irvine, Wise, 

& Heil, 1993; Salvi et al., 2000). Six months after the profound hearing loss onset in Maslin et 

al.’s participants (after acoustic neuroma surgery), N1 dipole strength increased significantly 

and the relative ipsilateral hemisphere amplitude increased, reducing the inter-hemispheric 

asymmetry. Changes in P1 sources are also seen after the onset of UHL, within a period of one 

month after the surgery; this has been explained as an unmasking phenomenon (disinhibition/ 

or gain increase) (McAlpine et al., 1997). These changes in central gain within the auditory 

system could be responsible for functional changes that take place in a short period of time 

right after the onset of sensory deprivation in cases of acquired UHL (Salvi et al., 2000). Long 

term changes after UHL may involve functional and/or structural mechanisms involved in 

reorganization of the central auditory system. 

MEG studies   

MEG studies have shown an enhancement of N100m over the hemisphere ipsilateral 

to the heathy ear for adults with sudden unilateral SNHL during the acute phase, leading to a 

reduction or loss of contralateral hemisphere dominance (Morita et al., 2007; Po‐Hung Li et 

al., 2003). Fujiki et al. (1998) reported, in a sample of 17 adults with profound SNHL, a 
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symmetrical N100m latency between ipsilateral and contralateral hemispheres for individuals 

with UHL lasting more than three weeks in duration.  .     

Despite reports of changes in the hemispheric asymmetric pattern and/or  neural 

activity in individuals with UHL there are some studies where these changes were not always 

so clear, Vasama and Mäkelä, (1995) studied eight adults with sudden hearing loss and found 

that in three of the participants contralateral hemisphere dominance was similar to controls 

whereas the other five presented with shorter latencies and stronger responses over the 

hemisphere ipsilateral to the stimulated ear. Vasama and colleagues also studied seven adults 

who presented with a conductive hearing loss; pre and post middle ear surgery. There was not 

a clear effect of UHL on latencies or response strength after surgery as post-operatively these 

did not differ from controls, however, at six months after surgery latencies increased over 

both hemispheres. The authors suggested that the monaural deprivation elicited changes 

within the auditory cortex which affected the hemisphere representation and activity of the 

good ear as well (Vasama et al., 1998). Additionally Vasama’s research group studied nine 

adults who underwent an acoustic neuroma removal surgery and found that the abrupt onset 

of hearing loss triggered changes immediately. At 1 month after the surgery weak activity 

and delayed responses were recorded. Over time, dipole movements and latencies normalised 

so that at one year post-surgery these reached control levels (Vasama et al., 1995). The 

evidence for cortical reorganization is less clear in children. In children with congenital UHL 

it has been reported that contralateral dominance remains similar to controls, however 

N100m latency delays were observed, interpreted by the investigators as reflecting immature 

callosal connections (Vasama & Mäkelä, 1997). 

The symmetry of cortical responses found in several studies of UHL suggests a more 

synchronous activation of both hemispheres with unilateral sound input to the good ear. Some 
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reports suggest that changes in neural activity depend on the duration of the hearing loss, 

however age effects on auditory plasticity are also likely to play a role (Ponton et al., 2001). 

The effect of attenuation of an input in one ear on the neural encoding of the binaural 

cues and its perceptual consequences are still not well established. Additionally little is 

known about how changes in the asymmetric pattern of the auditory cortex affect auditory 

abilities. The right ear advantage that is typically seen in dichotic listening tests seems to be 

dependent on this brain asymmetry (Bellis, Nicol, & Kraus, 2000; Thai-Van, 2013).  In 

normal hearing adults the right ear advantage for dichotic listening is linked to N100 latency 

differences between hemispheres (Eichele, Nordby, Rimol, & Hugdahl, 2005). The normal 

asymmetry may have an important role for the recognition of acoustic cues, especially in 

tasks where fine temporal resolution is required (Bellis et al., 2000). It has been reported that 

a symmetric hemispheric pattern in older listeners is associated with difficulties in syllable 

discrimination (Bellis et al., 2000). Differences in the cortical processing of sound for adults 

and children with UHL, compared to controls with bilaterally normal hearing may account 

for functional auditory problems experienced by this population (Propst et al., 2010). 

 

Evidence of Functional and Structural Changes within the Cortex due to a UHL: 
Neuroimaging Studies 

 

There is a growing literature regarding the effects of a UHL on the auditory cortex 

based on imaging techniques. The study of the reorganisation of the auditory cortex can be 

approached in two ways, functionally and structurally. Functionality of the brain networks 

currently are studied by fMRI, which records the blood oxygenation level dependent (BOLD) 

signal as an index of neural activity in different brain areas (Howseman & Bowtell, 1999). 

Techniques such as diffusion tensor imaging (DTI) are based on the measurement of water 

molecule diffusion (fractional anisotropy, FA and mean diffusivity, MD), and provide 
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information about tissue status and microstructure of white matter connections (Maffei, Soria, 

Prats-Galino, & Catani, 2015). These approaches help in the study of the structural changes 

within the auditory brain. Table 3 summarises imaging studies conducted in people with UHL.     

Functional magnetic resonance imaging (fMRI) 

Bilecen (2000) studied a case with a right ear SNHL (sensorineural hearing loss) due 

to acoustic neuroma removal over a period of 1 year. Post tumour removal the patient had a 

single sided deafness (pre surgery this case had normal hearing bilaterally). Measures were 

performed one and five weeks and one year post surgery using a 1 kHz stimulus (good ear 

presentation, left). Hemisphere activity was measured in order to determine lateralisation of 

auditory neural activity (BOLD response) at the three time periods. Right after the surgery 

contralateral hemisphere responses to the stimulated ear were larger (left hemisphere), as 

seen in normal controls. At five weeks after surgery left hemisphere dominance was still 

observed but ipsilateral activity appeared as well, however one year after surgery more 

symmetrical hemispheric responses were observed.  It is presumed that the hearing loss 

would have caused a loss of inhibition from the affected ear of the pathway ipsilateral to the 

stimulated (unaffected) ear, leading to an increase of activity and more symmetrical 

responses across hemispheres.      

Liu et al. (2015)  reported connectivity changes at the frontal, temporal and caudate 

nucleus and a reduction in the connectivity between visual and auditory cortices, in 19 adults 

with severe left SNHL. Similarly, Propst et al. (2010) studied 12 children with SNHL using 

narrow band noise and sentences as stimuli and found that the stimuli did not activate 

auditory association areas and attention networks in the same way as in normal hearing 

children. Interestingly only children with right ear HL failed to show activation of frontal 

cortex (pre-frontal and medial frontal cortex) which was related to attentional processes 

during speech in noise tasks. In the same study small activation of auditory areas was seen in 
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children with UHL compared to normal hearing controls. The UHL group did show 

activation of secondary regions but only in the left hemisphere in contrast to normal hearing 

children. Evidence of cross-modal plasticity was reported as they observed activation of 

bilateral visual association areas in left-sided deafness.  

Cortical interconnectivity changes have also been reported in resting state fMRI 

studies. Children with severe unilateral SNHL showed differences in sensorimotor areas with 

atypical connectivity in one of these studies (Tibbetts et al., 2011). The authors suggested that 

this may be related to speech and language problems seen in some children with UHL (Bess 

et al., 1986; Lieu, 2004; Lieu et al., 2010). Additionally less functional connectivity was seen 

in the globus pallidus; this area has been related to attention and impulsivity disorders (Cao et 

al., 2009).  Schmithorst et al. (2014) studied 21 children with severe SNHL. During testing 

the children were performing a receptive language test. Children with UHL showed 

deactivation in the posterior and anterior default mode network. As this is normally 

deactivated in tasks where cognition is required, the authors suggested that behavioural 

difficulties experienced by some children with UHL are related to their inability to supress 

the self-referential activity during high load cognitive tasks. 

Results of these studies support the idea that monaural deprivation has a broad effect 

over the cortical networks, affecting not just the auditory areas causing functional and 

structural changes within them but also affecting the development of brain networks involved 

in higher-order functions such as cognition. 

Diffusion tensor imaging (DTI) 

Rachakonda et al. (2014) studied 29 children with severe sensorineural UHL 

(congenital and acquired) and normal hearing siblings. FA and MD measures were obtained 

in both groups in order to identify differences. Researchers observed that children with UHL 

had lower FA. FA is an anisotropy index which is the property of water whereby it diffuses 
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faster parallel to the white matter tracts. FA values range from 0 to 1, where 0 means no 

perpendicular restriction (diffusion in all directions) and 1 means total perpendicular 

restriction (only along 1 axis) (Neil, 2008). Right and left hemisphere asymmetry was 

preserved for white matter microstructure in children with UHL compared to normal hearing 

controls, however FA showed lower values for children with UHL at the left lateral 

lemniscus compared to controls. Interestingly regression analysis showed a relationship 

between DTI parameters in several regions of interest (ROI) and educational outcomes, for 

instance the greater the FA value of the left Heschl’s gyrus, the less likely a child needed 

educational support. Thus, if the organisation of the cortex in UHL is preserved, educational 

performance may be better.  

Similarly, Vos et al. (2015) reported for a group of five adults with a unilateral SNHL 

no significant differences for FA and MD parameters within groups (UHL affected vs 

unaffected ear; right vs left auditory tract for normal hearing controls) however when 

comparisons between groups were performed, a small but significant FA reduction was 

revealed, although there were no MD differences.  

Other studies have shown changes in the white matter microstructure of adults with 

UHL. Wu et al. (2009) studied a group of 19 adults with a severe to profound SNHL, with 

inferior colliculus (IC) and lateral lemniscus (LL) selected as the regions of interest. When 

comparisons were made between ipsilateral and contralateral sides (to the affected ear), FA 

was significantly lower for LL and IC contralaterally whereas MD did not differ between 

ipsilateral and contralateral sides in UHL cases. Radial diffusivity was increased contralateral 

to the affected ear. Similarly, Lin et al. (2008), studying the same ROI in people with 

profound SNHL, reported lower FA and increase if radial diffusivity contralateral to the 

affected ear for LL and IC when comparisons are made between the affected and unaffected 
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ear in the UHL group. When UHL was compared with normal hearing controls, FA was 

significantly reduced at the IC and axial diffusivity was increased.  

T1-weighted studies 

Using T1-weighted images, other studies have reported cortical morphological 

changes in adults with UHL such as a reduction in grey matter volume in auditory and non-

auditory regions, however white matter volume did not show significant differences 

compared to hearing controls (Yang et al., 2014). Fan et al. (2015) studied a group of 86 

adults with a sudden SNHL (PTA > 60 dB), and found that left ear hearing loss was 

associated with reduced grey matter in the right temporal region. When the right ear was 

affected reductions were seen in the left temporal region. This reduction was significantly 

negatively correlated with the duration of the hearing loss; the longer the duration of hearing 

loss, the greater the reduction in grey matter.  

 

Limitations  

Conclusions about evidence for brain reorganization evidence in UHL provided by 

imaging studies must be analysed carefully as duration, severity and aetiology are factors that 

may account for differences observed across studies. Most of the studies include cases of 

more severe deafness so the deprivation would be greater, furthermore SNHL is the most 

common type of impairment studied. Early onset of the deafness may have a differential 

effect on the brain reorganisation, compared to UHL acquired during later developmental 

stages or in the adulthood.  

There are differences between fMRI and DTI studies as functional changes are 

evident for fMRI studies however the microstructure changes are not so evident in DTI 

studies. Changes observed on DTI are not limited to the auditory cortex, as non-auditory 

areas are affected as well. This supports the idea that neural networks are affected by UHL 
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leading to effects not just in the processing of auditory signals but also changes in higher 

order functions such as memory or attention or other aspects of cognition. Overall, changes 

due to a UHL may have more consequences than simply changing the audibility of an 

acoustic signal. Such changes could be contributing to some extent to the difficulties reported 

for this population academically and behaviourally.    
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Table 3.Summary of Functional/Structural Imaging Studies of UHL people using Imaging Techniques  

Study Sample Hearing loss  
Characteristics  

Methodology Outcome  

     
Liu et al. (2015)  19 adults  

 
Mean age of 48.63 
years (14.34) 
 
Mean duration of 12.50 
(4.59) 

SN  
 
PTA > 70 dB HL  
Severe, Left ear  
 
 

Resting State fMRI • Increase connections in the 
bilateral auditory cortices 
(Heschl’s, secondary and 
association areas) 

• Abnormal functional 
connectivity at frontal, 
temporal and caudate nucleus 
may have an effect on cognition 
and language abilities of UHL 
adults. 

• Increased activity in limbic 
regions   

• Decrease in visual cortex 
activity (Primary, secondary 
and association) 

• Reduced connectivity between 
auditory and visual cortices 

  
Limitations: 
• Absolute resting state not 

possible to assess 
• Predefined ROI based on fMRI. 

Limited technique to study 
whole brain networks 

• Not behavioural tests used.  
 

SN: Sensorineural; PTA: Pure tone average; ROI: Region of interest 
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Study Sample Hearing loss  
Characteristics 

Methodology Outcome 

     
Pross et al.  (2015) 21 adults  

 
Mean age 49 (17) 
Duration 10.4 (8.4) 

Single sided deafness, severe 
to profound >750 Hz 

MEG  • Reduction in 
interhemispheric asymmetry  
for latency in SSD subjects  

     
Moore et al. (2005) 11 adults (6 RE/ 5 LE) 

 
SN: 7, mod-severe to 
profound 
CND: 4, mod-severe 

fMRI 
Stimuli: 0.25 & 4 kHz 
tones at 90 dB SPL 

•  RE UHL stronger on left 
hemisphere than right (LE 
presentation) 

• 2/3 SNHL presented 
contralateral lateralization 
similar to controls 

• 2 LE CHL cases presented 
greater activation in the right  

• RE presentation on average 
presented a reduced left 
cortical dominance compare 
to controls 

Schmithorst et al. (2005)  8 Children  
 
Mean age 9 years  

Sensorineural hearing loss: 4 
RE UHL / 4 LE UHL  
PTA >65 dB HL  

fMRI 
 
Stimuli: Pure tones, 
randomised frequency 
and duration    

• Bilateral cortex activation 
and inferior frontal gyrus  

• LE UHL presented greater 
activation on  right superior 
temporal gyrus  

• RE UHL presented greater 
activation on left inferior 
frontal gyrus. 

 
SN: Sensorineural; CND: Conductive; PTA: Pure tone average  
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Study Sample Hearing loss  
Characteristics 

Methodology Outcome 

     
Burton et al. (2013) 9 adults  

Mean age 45.9 (2.9) 
8 acoustic neuroma 
1 Meniere disease  
RE 5 / LE 4 
 
Mean 3fPTA 39.6 (5.7) at 
baseline  

fMRI 
 
Measures at baseline, 3m 
and 6m post-surgery 
 
Stimuli: noise-like 
random spectrogram 
sounds (RSS) at 70 dB 
SPL  

• Bilateral activation of the 
auditory cortex pre and post-
surgery  

• Non-significant changes in 
auditory cortex lateralization 
from pre and postoperative 
with monaural stimulation 

• No evidence that functional 
plastic changes were more 
prevalent in the right than in 
the left auditory cortex 

     
Scheffler et al. (1998) 5 participants 

Age not reported 
 

“Complete hearing loss of 
one ear” 

fMRI 

Stimuli: pulsed 1 kHz 
pure tones at 95 dB 

• Normal hearing controls 
presented contralateral 
hemisphere lateralisation 

• Lateralisation ratios in UHL 
participants was reduced (1.3 
vs. 3.4-5.2) comparable to 
binaural responses 

     
Bilecen. (2000) 1 adult 

  
Age 53 y 

Pre surgery bilateral normal 
hearing  
 
RE UHL SSD post-surgery 
(acoustic neuroma) 
 

fMRI 
 
Stimuli: 1 KHz sine tone 
at 95 dB pulsed with 6 
Hz 
 
4 weeks before, 1 week, 5 
weeks, 1 year after 
surgery 

• Contralateral hemisphere 
stronger responses at baseline 
measures 

• 1 week after  C>I responses 
• 5 weeks after similar to 

baseline  
• 1 year after C=I responses  
 
 
 

SSD: Single Sided Deafness; 3fPTA: Three frequency pure tone average 
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Study Sample Hearing loss  
Characteristics 

Methodology Outcome 

     
Propst et al. (2010) 12 children  

 
Mean  9.04 (1.62) years  
 
Range, 7.23-11.75 years 

Sensorineural, idiopathic   
RE 6 / LE 6  
 
PTA > 65 dB HL  

fMRI 
 
Stimuli: Narrowband 
noise and speech in noise 

Narrowband noise 
 
• Less activation of auditory 

areas than normally hearing 
controls 

• Children with UHL no 
activation of auditory 
association areas 

• Children with UHL no 
activation of attention 
networks compared to normal 
hearing children  

 

Speech in noise  

• Right-sided UHL did not 
show activation of attention 
networks (frontal cortex) 

• Left-sided UHL (not right-
sided) activated bilateral 
visual association areas 

•  
Tibbetts et al. (2011) 16 Children  

 
Mean 11 (3.5) years 
 
Age 7–17 years 
 

SN,  PTA > 70 dB HL 
 
9 RE / 7 LE 

fMRI, resting state 
 

• Differences in resting state 
between UHL and NH 
controls, brain network 
interconnections 

PTA: Pure tone average; SN: Sensorineural hearing loss 
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Study Sample Hearing loss  
Characteristics 

Methodology Outcome 

     
Wang et al. (2015) 34 adults 

Mean LE 45.7 / RE 43 
years 

PTA > 60 dB HL mean  
Duration 22.6-26.2 years 

fMRI, resting state  • Differences in regional 
homogeneity (ReHo) 

• Reduced ReHo in calcarine 
cortex for UHL patients in 
sensory cortex 

• Areas involved in cognitive 
control as well as the sensory 
cortices, are modulated by 
asymmetric auditory function 
preservation. 

 
 

Yang et al. (2014) 14 adults  
 
Mean 53.9 (7.6) years 
 

RE SN, sudden mod-severe 
 
PTA > 40 dB HL RE 
 

fMRI, resting state  • Decreased grey matter 
volume bilaterally in 
posterior cingulate gyrus and 
pre-cuneus, left 
superior/middle/inferior 
temporal gyrus, and right 
parahippocampal gyrus and 
lingual gyrus 

• Decreased low-frequency 
fluctuation (ALFF) in 
bilateral precuneus, left 
inferior parietal lobule, and 
right inferior frontal gyrus 
and insula 

• Increased ALFF in right 
inferior and middle temporal 
gyrus 

 
SN: Sensorineural; PTA: Pure tone average; ALFF: Amplitude of low-frequency fluctuation  
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Study Sample Hearing loss  
Characteristics  

Methodology Outcome  

     
Firszt et al. (2013) 1 adult 

 
41 years 

Congenital conductive HL  
 
Pre-surgery: RE Mixed, PTA 
90 dB HL  
 
Post-surgery: PTA 51.6 dB 
HL  

fMRI  
 
Stimuli: Random 
Spectro-gram sound 
(RSS) 

• Contralateral auditory cortex 
responses were increased 
after hearing recovery and 
the extent of activated cortex 
was bilateral, including a 
greater portion of the 
posterior superior temporal 
plane 

Schmithorst et al. (2014) 21 children  
 
Mean 9.2 (1.7) years 
 
 
 

SNHL  
Mean PTA RE 105.6 / LE 
80.3 
 

fMRI 
 
Stimuli: Adaptation of 
Token Test 

• UHL displayed smaller 
activation  for right inferior 
temporal, middle temporal, 
and middle occipital gyri 

• UHL displayed greater 
activation in the posterior 
aspect of the left superior 
temporal gyrus for the 
contrast of all (simple and 
complex) sentences vs. 
control 

 
PTA: Pure tone average 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcome  

     
Rachakonda et al. (2014) 29 children 

 
Mean 12.2 (SD 2.3) years 
 

SNHL  
PTA ≥ 70 dB HL  

DTI • White matter microstructural 
patters are preserved in UHL 
(Asymmetry)  

• Relationships between 
educational outcome and 
DTI parameters 

Vos et al. (2015) 5 adults  
 
Mean 50.5 (SD 13.7) years 
 
 

SNHL  
 
PTA ≥ 70 dB HL (0.5, 1,2 & 
4 kHz) 

DTI • No significant tracts 
(FA,MD) differences within 
groups 

• Between groups, reduced FA 
in UHL vs controls  

Wu et al. (2009) 19 adults 
 
Mean 24.1 years 
Range 8 to 60 years 

SNHL 
 
PTA >70 dB HL  

DTI • Reduction of FA and radial 
diffusivity on the 
contralateral side to the 
hearing loss 

Lin et al. (2008) 12 adults 
 
Mean 30.4 (SD 10.1) years 

SNHL 
 
Thresholds ≥ 90 dB HL  
 

DTI • Comparing ipsi/contra side, 
FA  was decreased 
contralaterally at LL and CI 

SNHL: Sensorineural; PTA: Pure tone average 
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Study Sample Hearing loss 
Characteristics  

Methodology Outcome  

Fan et al. (2015) 86 adults  
 
38.7-41.1 years 

Sudden SN, PTA >60 dB 
HL   
 
47 RE / 39 LE 

T1 • Decreased contralateral 
auditory cortical 
morphological changes have 
occurred in unilateral 
SSNHL patients within the 
acute period by voxel-based 
morphometry method 

Yang et al. (2014) 4 adults  
 
Mean 53.9 (7.6) years 
 
 

Sudden RE SNL,  
 
Mean 80.9 (17.4) PTA 
 

T1 • Decrease of  grey matter 
volume bilaterally including 
auditory and non- auditory 
areas  

• Decreased ALFF values at 
fronto-insular cortex 

     
SN: Sensorineural; PTA: Pure tone average 
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Development and plasticity of spatial localisation 
 

Sound localisation is defined as the perception of the position and distance of the 

sound source in the horizontal (azimuth, right-left) or vertical (elevation, above-below) plane. 

Localising sound should be accomplished in a quick and accurate manner (B. C. J. Moore, 

2003). Sound localisation is an important function in daily life, and is involved in situations 

such as being aware about danger and orientation in one’s environment and understanding 

speech in noisy environments, such as crowded places (Kühnle et al., 2013). Children in 

classrooms and adults in complex auditory work environments require this ability to complete 

their tasks (Litovsky, 2012). 

There are important differences if we compare visual and auditory spatial processing. 

The visual system has pronounced resolution, but is limited to only the immediate visual 

field. On the other hand, the auditory system is capable of providing spatial information about 

an object’s presence and its distance in three dimensions. This phenomenon is known as 

spatial hearing (Grantham, 1995). Spatial hearing allows us to monitor the sounds from any 

direction around us without direct visual alertness (Flamme, 2002; A. J. King et al., 2011). 

To localise sound properly, and to help detect and discriminate sounds in noisy 

environments, the auditory system uses acoustic cues that are generated when a sound arrives 

at the head (ears) (Blauert, 1997; A. J. King et al., 2001). In mammals, these cues can be 

grouped into monaural and binaural cues. Monaural cues refer to the head and pinna filters 

(mainly relevant for vertical and front/back localisation), and binaural cues refer to 

differences in time (interaural time differences, ITD) and in intensity (interaural level 

differences, ILD) between ears (Blauert, 1997; Flamme, 2002; Grantham, 1995; A. J. King et 

al., 2001; B. C. J. Moore, 2003). In sound localisation tasks, ITD are significant for 
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frequencies below 1.5 kHz, and ILD are significant for frequencies above 3 kHz (Agterberg, 

Snik, Hol, Van Wanrooij, & Van Opstal, 2012; Flamme, 2002).  

Spatial cues depend on factors such as the location, level and content (frequency) of 

the sound. The size, shape and separation of the ears have an effect on the values of these 

cues (R. Campbell et al., 2008; Schnupp, Booth, & King, 2003). Studies in humans and 

animals using virtual acoustic space signals, which is a technique whereby sounds are 

presented via headphones seem to come from a specific direction in space (head-related 

transfer) (Wightman & Kistler, 1989), suggest that spatial cues and their central 

representation vary among subjects, depending on individual developmental changes in the 

head and pinna. Sound localisation performance will be more accurate when head-related 

transfer functions are based on the subject’s own parameters. When virtual sounds are based 

on others’ parameters accuracy of the perceived virtual sound location decreases 

(Middlebrooks, 1999; Mrsic-Flogel, King, Jenison, & Schnupp, 2001; Wenzel, Arruda, 

Kistler, & Wightman, 1993). This indicates that the individual’s experience which depends 

on the size and shape of the individual listener’s ears and head (and perhaps auditory pathway 

individual differences) plays an important role in the development of sound localisation 

abilities.  

 

Spatial hearing adaptation and learning 

Adaptation to altered spatial cues during development 

 

As discussed in the previous section, experience plays a relevant role in the 

development of the processes and mechanisms underlying sound localisation. The accuracy 

of sound localisation is shaped by the cues accessible for each listener. Sound localisation 

requires that the auditory system detects the relationship between binaural cues such as ITD, 

ILD and the location in space that produces these cues. This is a process that has been 
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referred to as calibration at a neural coding level according to the individual’s experience 

(Mrsic-Flogel et al., 2001). This is important as the auditory system must have an appropriate 

representation of space for optimal performance. Changes in spatial cue values can have a 

major effect on neuronal responses (A. J. King et al., 2011). Experimentally induced UHL 

(e.g. using an earplug) allows researchers to study a reversible model of auditory deprivation, 

whereby the spatial cues can be modified to show changes in spatial mapping within the 

auditory system (A. J. King et al., 2001).  

Barn owls show prompt adaptation (recovered sound localisation behaviour) when 

one ear is plugged, mainly when this occurs during developmental stages (Knudsen, 

Knudsen, & Esterly, 1984). These changes are accompanied by a neuron re-coding period at 

different levels of the auditory system as evidenced by changes in the spatial map (in 

midbrain nuclei, thalamus, and forebrain) (Gold & Knudsen, 2000a; Gold & Knudsen, 2000b; 

Miller & Knudsen, 2001; Mogdans & Knudsen, 1993). This adaptive response represent a 

“remapping” process whereby new connections within the structures of the auditory system 

allow an effective adaptation or relearning of the spatial map after the auditory input changes 

(Keating & King, 2013). 

There may be some differences between birds and mammals, however. As has been 

observed in barn owls, ferrets raised with a unilateral ear plug during the early stages of life 

show fairly good sound localisation performance. In contrast to barn owls, superior colliculus 

neuronal coding remained unchanged by presence or absence of an earplug in ferrets (A. J. 

King, Parsons, & Moore, 2000). Some studies in mammals have shown a weakening of the 

pathway ipsilateral to the affected ear indicating neuroanatomical changes such as 

connectivity among neurons, with changes at the level of the cochlear nucleus, superior olive 

and inferior colliculus (Tollin, 2010). 
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There is evidence for a decrease in inhibitory input (affected ear) due to UHL at the 

level of the inferior colliculus and primary auditory cortex, followed by adaptive plasticity 

processes changing the representation of the normal ear. The rewiring process may not 

involve relearning of the new abnormal spatial cues, instead the system could  learn to 

overlook input to the affected ear (Keating, Dahmen, & King, 2015; Keating & King, 2015). 

Adaptation to altered spatial cues in adulthood 

 

Spatial cue values mainly depend on head and ear characteristics. Thus changes to the 

head and ear size and shape during development affect the learning of spatial maps. Neural 

plasticity appears to be more active during development. An example of this is the finding 

that there are limited changes in auditory localisation for adults with a sudden onset UHL (ear 

plugging paradigm). However, it is known that in some cases the mature auditory system 

seems able to utilise other spatial cues (monaural cues), to adapt to changes resulting from 

UHL and that these changes can occur in a short period of time in some people if they receive 

training (Kacelnik et al., 2006). Therefore, the reorganisation process for sound localisation 

does not seem to be exclusive to developmental stages, as it has been observed to take place 

in adulthood (Flamme, 2002; Kacelnik et al., 2006; A. J. King et al., 2001). 

 

General Conclusions 
 

Overall, current evidence from EEG, MEG and imaging studies supports the idea that 

the auditory system reorganises in response not just to bilateral auditory deprivation, but also 

when there is a UHL. In UHL normal activity patterns within the auditory cortex are 

disrupted. Loss of contralateral hemisphere dominance is the most evident change. The 

reduction of contralateral activity can be explained in part as resulting from the lack of 
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inhibitory activity from the affected ear. This inhibitory activity would normally reduce 

neural activity in the ipsilateral pathway from the unaffected ear.    

Special consideration must be given to a number of factors when we compare 

different studies, such as duration and degree of hearing loss as these may play an important 

role in observed auditory plasticity. There is evidence that, in acquired SNHL with sudden 

onset or post acoustic neuroma removal, hemisphere asymmetrical activity tends to be similar 

to normal hearing individuals in the long term or changes occur gradually over time. This 

could reflect a different reorganisation process to what occurs in longstanding, early onset 

monaural deprivation. Another important point to consider is the severity of the auditory 

deprivation. Cortical reorganization can take place in cases of limited frequency range 

damage and it is not necessary to have a complete deafness to trigger neoplastic mechanisms, 

however there may be differences in auditory plasticity when there is some hearing preserved 

in the ear with UHL.   

Evidence obtained from imaging studies indicates a broad cortical compromise in 

cases of UHL, more than just affecting the auditory cortex; there appear to be changes within 

the functional interconnections in the cortex and cognitive functions can be affected by UHL. 

Thus, UHL leads to changes in the functional brain network.   

These changes could contribute to the educational and behavioural difficulties 

reported for children with UHL.  
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 CHAPTER 4: Methodology for the Behavioural and 

Electrophysiological Assessment of Auditory Function in People 

with Unilateral Hearing Loss 
 

 

 

 

This chapter includes content from the article “Behavioural assessment of listening difficulties in 
people with unilateral hearing loss” published in New Zealand Audiological Society Bulletin (2016), 
26(1), 13 
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Behavioural Assessment  
 

Introduction 
 

 Having two ears provides several benefits such as binaural summation (Hirsh, 1948; 

Reynolds & Stevens, 1960), the binaural squelch effect (Keys, 1947), reduction of the head 

shadow and sound localisation (Avan et al., 2015). It has been extensively reported in the 

literature that people with unilateral hearing loss (UHL) present with major problems 

recognising speech in challenging environments (Bess et al., 1986; Ruscetta et al., 2005) and 

localising sounds (Humes et al., 1980; P. Johnstone et al., 2010; Newton, 1983), and have 

greater self-perception of disability in daily life situations than normal-hearing controls 

(Araujo et al., 2010; Augustine et al., 2013; McLeod, Upfold, & Taylor, 2008). 

Currently there is no consensus about the most appropriate test battery to assess 

behavioural and functional auditory abilities in people with UHL. Functional assessment of 

auditory abilities is widely used for people with bilateral hearing loss when decisions are 

being made about hearing rehabilitation, but this is less common in people with UHL despite 

evidence that self-perception of disability may be worse as the interaural asymmetry becomes 

larger (Noble & Gatehouse, 2004). Protocols for audiological management of children with 

UHL suggest the use of functional questionnaires to help to establish the individual’s needs in 

comparison with other children with UHL (A. King, 2010). 

The aim of this report is to present a behavioural and functional assessment protocol 

that was used by the authors to assess auditory abilities in adults and children with UHL. This 

protocol was developed in a research context but can be used clinically to assess the effects of 

UHL on sound localisation, speech perception and self-perception of hearing difficulties. 
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Sound localisation 
 

 This test estimates how well a subject can detect where sounds are coming from 

(direction and distance). The brain utilises subtle differences in intensity, spectral, and timing 

cues to localise sound sources in the horizontal plane. The test protocol for sound localisation 

was adapted from Johnstone et al. (2010), Cullington et al. (2011) and Strøm-Roum et al. 

(2012) and can be used in children as young as five years of age. This protocol utilises a 

matched five-speaker array that could be set up in a standard audiological test booth. 

Test Protocol 

Sound localisation ability was tested using a spondee word “Frenchfries" spoken by a 

female native speaker of New Zealand English, digitally recorded with a sampling rate of 

44.1 kHz using Adobe Audition software, stored as a WAV file. Stimulus presentation level 

was 62 dB SPL on average. The level was randomly varied between 54 and 70 dB SPL 

(roved +/- 8 dB) to avoid the use of absolute levels for localising the sound. Five 

loudspeakers were placed at −90°, −45°, 0°, 45°, and 90° azimuth at 1 m distance from the 

participant with the loudspeaker centres at approximately head height. Participants were 

instructed to look to the front speaker all the time and to point to the speaker where they 

heard the sound. Stimuli were presented randomly a total of 6 times to each loudspeaker for a 

total of 30 trials. See Figure 1 
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Figure 1. Sound localisation setup. The five speakers are placed at ear level, 1 meter from the listener 

 

Sound localisation errors are quantified by calculating the Root Mean Square Error 

(RMS) as illustrated in Table 4. The first column corresponds to the trial number for each 

speaker location (only two included in this example). The second column represents the 

location (degrees azimuth) of the target sound. The third column represents the perceived 

location reported by the listener (degrees azimuth). For this example, data are shown for four 

trials for two angles on the left of the listener (-90° & -45°). The average RMS error for each 

speaker angle is computed and then the grand average RMS error is computed across the 

array. 
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Table 4. Example of Sound Localisation Scoring (two trials at two locations are shown) 

* RMS = Root-mean-square error;   ² Squared 

 

Speech recognition in noise 
 

This test indicates the listener’s ability to understand speech in noise when the speech 

and noise come from the same frontal source and when they are spatially separated. The 

listener repeats words that are presented at a comfortable level via a loudspeaker in the 

presence of background noise. The test protocol was adapted from Bess et al. (1986) and 

Sargent et al. (2001). Normative data available for these speech perception tests for New 

Zealand adult listeners and information on list equivalence have been reported previously by 

Cañete and Purdy (2015). One speech perception task utilized Bamford-Kowal-

Bench/Australian version (BKB/A) sentences (Bench, Doyle, & Greenwood, 1987) to 

adaptively determine the 50% correct speech recognition threshold with the noise  (speech  

babble)  level  fixed  at  60  dB  SPL. The second speech perception task involved. 

Assessment of percent correct scores for Consonant-Nucleus-Consonant (CNC) monosyllabic 
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words (Peterson & Lehiste, 1962) presented at a fixed supra-threshold level (65 dB SPL) with 

speech babble at 60 dB SPL (+5 dB signal to noise ratio, SNR). Both types of speech material 

are suitable for adults and school age children (6-7 years). 

Test Protocol 

The BKB/A has 21 lists of 16 sentences each recorded using a female voice (female 

New Zealand English native speaker). The CNC words test has 10 lists of 50 items each 

(male New Zealand native English speaker). Speech materials were recorded in a sound 

studio with 16-bit resolution and 44.1- kHz sampling frequency and normalized to -1 dB. 

Multi-talker babble was generated using seven seconds of the NOISEX-92 speech babble 

recording with minimal amplitude variation that was looped to generate several minutes of 

babble. The NOISEX-92 babble original recording consists of 100 people speaking in a 

canteen (room radius > 2 m), recorded using a half-inch Brüel & Kjaer condenser 

microphone onto digital audio tape (Varga & Steeneken, 1993). Speech and noise were 

presented via a DELL laptop and clinical audiometer. 

Speech recognition was measured in the sound field with three loudspeakers placed 1 

m from the participant at −45°, 0°, and 45° azimuth (Figure 2), with the centre of the speaker 

at approximately head height. The following conditions were tested: a) Monaural Direct 

(MD): signal to good ear/noise to bad ear (CNCs, BKB/A sentences), b) Monaural Indirect 

(MI): signal to bad ear/ noise to good ear (CNCs, BKB/A sentences), and c) signal/noise in 

front (SNF) (BKB/A sentences only).  

The level of the speech through the loudspeakers was set at 65 dB SPL for the CNC 

words, with multi-talker babble noise fixed at 60 dB SPL. Whole word scoring was used and 

percent correct scores (%) were determined. For BKB/A sentences, the speech recognition 

threshold (SRT) in noise was defined as the signal-to noise ratio (SNR) producing 50% 
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correct whole sentence recognition, measured using an adaptive (two-up/two-down) 

procedure (Plomp & Mimpen, 1979; Ruscetta et al., 2005). 

 

 

 

Figure 2.Spatial speech (S) in noise (N) test setup for a person with UHL in their left ear showing 
monaural direct condition (MD), monaural indirect condition (MI) and speech and noise front (SNF) 

 

For the adaptive BKB/A task noise was at a fixed level (60 dB SPL) and the speech 

level was adjusted on the audiometer. The two first sentences served as practice, presented at 

64 dB SPL and if they were repeated correctly the signal was decreased by 4 dB (initial step 

size), then if the sentence was repeated correctly the signal was decreased by 2 dB and if 

repeated incorrectly, the signal was increased by 2 dB. After a complete list was 

administered (26 sentences), the average presentation level for the last 10 items, 

corresponding to the 50% correct identification level, was calculated as the speech 

recognition threshold (50% SRT). The advantage of this adaptive procedure is that it avoids 

the ‘floor’ and ‘ceiling’ effects that can occur for a fixed-intensity-level task. 

 

 

 
 

 

 

 

Monaural Direct (MD) Monaural Indirect (MI) Signal/Noise front (SNF) 

Speech to the good ear / Noise 

to the bad ear 

Speech to the bad ear / Noise 

to the good ear 

Speech and noise at same 

location (front) 
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Self-reported hearing performance 
 

The purpose of the functional assessment of hearing is to describe auditory behaviour 

and perceived listening difficulties in different situations of daily life which are not fully 

described by the pure tone audiogram or speech scores. This is particularly important for 

establishing the individual’s needs for intervention. The following questionnaires are 

suggested for adults and children. Copies of the questionnaires are in the Appendices. 

Adults 

 

Speech, Spatial and Qualities of Hearing Scale, short version (SSQ12) (Noble, Jensen, 

Naylor, Bhullar, & Akeroyd, 2013), available online at 

https://www.ihr.mrc.ac.uk/pages/products/ssq 

 

The SSQ12 (Appendix 18) was designed to measure self-perception of auditory 

disability in three domains (speech recognition, spatial hearing and qualities of hearing), 

separated into subscales such as speech in noise, multiple speech streams, localisation, 

segregation, and listening effort. The original questionnaire had 49 items (Noble & 

Gatehouse, 2004); for our research we used the 12-item short version. Participants rated their 

responses using a 0-10 scale presented as a ruler, with the left-hand end of the scale 

representing inability or absence of quality and the right-hand end indicating full ability or 

presence of quality (Gatehouse & Noble, 2004). This questionnaire is being increasingly used 

in international studies. Data for normal hearing New Zealand listeners are being collected 

and are available on request. 

 

 

 

 

https://www.ihr.mrc.ac.uk/pages/products/ssq
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Children 

a. Listening Inventories for Education (LIFE), NZ short version (Barry, Tomlin, Moore, 

& Dillon, 2015; S. C. Purdy, Smart, Baily, & Sharma, 2009) 

 

The LIFE (Appendix 14) is a student self-report measurement tool that identifies 

classroom situations which present a listening challenge for a student. The questionnaire 

comprises seven questions grouped into three subscales; listening in quiet, listening in noise 

and focused listening. Higher scores indicate more listening difficulty. This questionnaire is 

suitable for school age children (6-7 years). Normative data are available for typically 

developing school-aged children with no listening difficulties. This questionnaire has good 

test-retest reliability (S. C. Purdy et al., 2009) and has been shown to be sensitive to listening 

difficulties experienced by children with reading or auditory processing problems (Barry et 

al., 2015; S. C. Purdy et al., 2009). 

b. Auditory Behaviour in Everyday Life, ABEL (S. C. Purdy, Farrington, Moran, Chard, 

& Hodgson, 2002) 

 

The ABEL questionnaire (Appendix 19) examines parental perceptions of their 

child’s auditory abilities, for children as young as 3-4 years. The ABEL has 24 questions 

grouped into three subscales: aural oral, auditory awareness and social/conversational skills. 

Higher scores indicate less difficulty. The ABEL has been translated into several languages 

including Portuguese and Spanish (Herrera et al., 2015; Souza, Marilia Rodrigues Freitas de, 

Osborn, Gil, & Iório, 2011). 
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c. Speech, Spatial and Qualities of Hearing Scale (SSQ), parent and child versions 

(Galvin & Noble, 2013) 

These versions are adaptations of the original SSQ (Gatehouse and Noble, 2004) for 

parents (Appendix 17) and children (Appendix 16). The child self-report version is suitable 

for children aged 11 years and older and the parent version is suitable for children from 5 

years of age. The instructions for completion of the questionnaire are the same as for the 

original SSQ form. A period of observation of one week is needed before the completion of 

each section in the parent version. As there are three sections the parent questionnaire is 

completed over a three week period. The child version can be completed on site as no 

observation period is needed. 

 

Conclusion 
 

The following types of assessment are recommended when evaluating the impact of 

UHL or hearing technology for UHL in children and adults: spatial speech recognition in 

noise, sound localisation and self-perception of listening difficulties. Procedures for 

administering these assessments are described here. Further research is needed to establish 

robust normative for adults and children in New Zealand for these assessments. 

 

Electrophysiological Assessment  
 

Introduction  
 

The obligatory cortical auditory evoked potential (CAEP) is observed between 50 and 

300 ms after stimulus onset (Steinschneider et al., 1992) . This response is considered 

obligatory as is determined by the physical and temporal characteristics of the stimulus that 

elicited the response (referred to as an exogenous potential) (Picton, Stuss, Champagne, & 
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Nelson, 1984) (Picton & Stuss, 1984). This obligatory CAEP complex is characterized in 

adults by three main components: P1 (positive peak around 50 ms), N1 (negative peak around 

100 ms) and P2 (positive peak between 150-200 ms) (Pratt & Lightfoot, 2012). CAEPs can 

be elicited by clicks, tones and speech sounds.  

P1 has a small amplitude in adults (< 2 uV) but is large in young infants (Wunderlich 

& Cone-Wesson, 2006). P1 shows important maturational changes; P1 latency reduces from 

about 250 ms in infants to about 100 ms by 5 years of age (Ponton et al, 2000; Wunderlich & 

Cone-Wesson, 2006). P1 has been used as a marker of the maturation of the auditory system 

and the effects of auditory deprivation in infants and children (B. Martin, Tremblay, & 

Stapells, 2007; Pratt & Lightfoot, 2012; A. Sharma, Dorman, & Spahr, 2002). 

Heschl’s gyrus in the primary cortex is believed to be the principle P1 generator, with 

contributions from other structures such as the hippocampus, planum temporale, lateral 

temporal cortex and neocortical areas (Hall, 2007; B. Martin et al., 2007; Pratt & Lightfoot, 

2012). Some research indicates that P1 responses relate to levels of arousal (Pratt & 

Lightfoot, 2012). Robust CAEP responses are recorded when people are awake. CAEPs are 

affected by the subject state, as sleep causes changes in responses morphology (N1 has 

smaller amplitude) and increased variability. Also if attention is directed to the stimuli, N1is 

enhanced (B. Martin et al., 2007; Näätänen & Picton, 1987; Picton & Hillyard, 1974) . 

N1components are generated bilaterally near or in primary cortex (superior plane) and by the 

superior temporal gyrus but also has contributions from non-auditory areas such as the 

lemniscal pathway (Hyde, Alberti, Matsumoto, & Li, 1986; McCallum & Curry, 1980; 

Näätänen & Picton, 1987; Vaughan & Ritter, 1970). In young children, N1 is typically absent 

with usual recording conditions due to the immaturity of N1 generators. Superficial cortical 

layers where N1 is generated (in cortical pyramidal neurons) are immature in early childhood 

(D. V. M. Bishop, Hardiman, Uwer, & Von Suchodoletz, 2007; Čeponien, Rinne, & 
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Näätänen, 2002; Ponton, Eggermont, Kwong, & Don, 2000; A. Sharma, Kraus, J McGee, & 

Nicol, 1997; A. Sharma et al., 1997; Sussman, Steinschneider, Gumenyuk, Grushko, & 

Lawson, 2008; Sussman et al., 2008; Wunderlich & Cone-Wesson, 2006; Wunderlich & 

Cone-Wesson, 2006). N1 emerges in the CAEP waveform in typically developing children at 

about 7 and 9 years of age (J. K. Moore & Linthicum, 2007; Ponton et al., 2000). Auditory 

primary cortex, non-auditory-specific secondary cortex and subcortical regions including 

reticular activating system contribute to P2 generation (B. Martin et al., 2007), which is also 

later maturing.  

Clinical uses for the CAEPs include objective monitoring of auditory training effects 

(Tremblay, Kraus, McGee, Ponton, & Otis, 2001; Tremblay & Kraus, 2002), hearing 

threshold estimation (Lightfoot & Kennedy, 2006; Tsui, Wong, & Wong, 2002), auditory 

processing investigation and objective assessment of the effects of auditory plasticity in 

people with hearing loss receiving amplification (Gilley, Sharma, Dorman, & Martin, 2006; 

S. Purdy et al., 2005; S. C. Purdy et al., 2009; A. Sharma et al., 1997; A. Sharma et al., 2002; 

A. Sharma, Cardon, Henion, & Roland, 2011; A. Sharma & Dorman, 2012; A. Sharma & 

Dorman, 2006) 

As discussed in Chapter 3 adults with normal hearing show a hemispheric 

contralateral dominance leading to stronger and earlier CAEP activity recorded over the 

hemisphere contralateral to the stimulated ear (Firszt et al., 2006; Rosenzweig, 1951). This 

asymmetric and asynchronous pattern may be disrupted in people with monaural auditory 

deprivation due to UHL (see Chapter 5). Using different electrode locations it is possible to 

explore the lateralization of the responses in people who present with UHL. When CAEPs are 

recorded using scalp electrodes it is not possible to accurately determine the sources of neural 

activity but it is possible to obtain information about differences in regional activity. The 

CAEP protocol in the current study included central and frontal locations in order to explore 
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activity over different scalp regions as these have shown differential responses to auditory 

stimuli (Hine & Debener, 2007; Ponton et al., 2000).  

Although CAEPs can be elicited using different stimuli, speech sounds represent a 

more ecological approach as they provide information about the underlying processes of 

neural encoding at the auditory cortex associated with speech perception and discrimination 

abilities (B. A. Martin et al., 2008). Furthermore CAEPs can be elicited in the presence of 

background noise (C. Billings, McMillan, Penman, & Gille, 2013; C. J. Billings, Tremblay, 

Stecker, & Tolin, 2009; M. Sharma, Purdy, Munro, Sawaya, & Peter, 2014), which is more 

characteristic of everyday listening where speech is often degraded by background noise.  

Studying CAEPs using different speech sounds, selected central and frontal electrodes 

recordings and a signal to noise ratio (SNR) typical of everyday listening provided us with a 

comprehensive approach to understanding the effects of deprivation on cortical processing in 

children and adults with UHL. The stimulus and recording parameters were designed to 

optimise information about hemispheric and other effects on CAEPs whilst limiting data 

collection time, in order for the test protocol to be practical for young children.  

 

Cortical auditory evoked potential (CAEP) 
 

Stimulus characteristics 

 

CAEPs were tested using three speech syllables (/di, gi, ti/) recorded using a native 

New Zealand English female speaker in a soundproof room via a AKG HC 577 

L omnidirectional headset microphone placed 3 cm from the speaker’s lips attached to an M-

Audio MobilePre. Speech was recorded and edited using Adobe Audition CS6 sound editing 

software, with a sampling rate of 44.1 kHz and 16 bit quantization rate. The total duration of 

each syllable was 246 ms after editing. Editing was performed at zero crossings in order to 
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avoid audible clicks. The three speech syllables were presented at 65 dB SPL with continuous 

multi-talker babble presented at 60 dB SPL. For BL and UHL groups the loudspeaker setup 

was similar to that used for the spatial speech recognition in noise task (MD and MI 

conditions).  

A +5 dB SNR was selected as it is consistent with common everyday listening 

conditions (Smeds, Wolters, & Rung, 2015). This SNR allows robust CAEPs to be recorded 

that are sensitive to noise effects as they differ in latency and morphology from CAEPs in 

quiet (Whiting, Martin, & Stapells, 1998).  

Stimulus presentation order was randomised, and testing condition counterbalanced 

across participants, with two runs of 150 stimuli for each stimulus and condition. The 

Neuroscan STIMTM system was used to present the speech stimuli with a 920 ms 

interstimulus interval (ISI). Babble and speech stimuli were presented via loudspeakers 

(Impact 50 Turbosound). Sounds were calibrated using a Bruel & Kjaer 2215 sound level 

meter measured at 1 m distance from the loudspeaker at the participant’s ear level. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.Frequency spectrum of the speech stimuli (/di, gi and ti/) and babble noise at +5 SNR 
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Cortical recordings 

 The Neuroscan SCANTM (version 4.3) was used to record CAEPs using ten EEG 

channels, with gold 10 mm disc electrodes placed at Cz and Fz referenced to M2; C4 and F4 

referenced to M2 and M1 (ipsi and contra references); C3 and F3 referenced to M2 and M1 

(contra and ipsi references). The ground electrode was located on the forehead and eye blink 

activity was monitored using an electrode placed above the left eye, referenced to M2. 

Electrode impedances were kept under 3-5 kΩ. The electrode montage was selected to 

minimise electrode application, to be suitable for studies with young children, and to provide 

sufficient scalp locations to enable investigation of frontal versus central and hemispheric 

differences. 

EEG was amplified with a gain of 50000 and sampled at the rate of 1000 Hz. EEG 

epochs with -100 ms pre-stimulus to 600 ms post-stimulus time windows were extracted post 

hoc from the continuous file. Before averaging, responses were digitally low-pass filtered at 

30 Hz. All recordings were baseline corrected prior to averaging. Recordings with eye blink 

artifacts were corrected using the regression procedure ocular artifact rejection function in 

Neuroscan software (Neuroscan.Inc, 2007). This involves calculating an average blink from a 

minimum of 20 blinks for each participant, and removing the contribution of the blink from 

all other channels on a point-by-point basis. The artifact rejection threshold was set in the 

range ± 50 to ±75 µV. Short breaks were given between testing conditions if needed. 

Participants were tested whilst seated in a comfortable reclining chair, watching a captioned 

movie in a double-walled sound attenuating booth. 
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Cortical analysis 

Adults 

 Amplitude and latency values for N1 peaks were determined for each condition. The 

amplitude of N1 was identified as the largest negative deflection between 80–160 ms after 

stimulus onset. Latency of the peak was measured at the centre of the peak. When the 

waveform contained a double peak of equal amplitude or a peak with a plateau, the latency 

was measured at the midpoint of the peak. Responses were determined by the agreement of 

two experienced judges.  

N1 latency contralateral hemisphere dominance (LCHD) was expressed as the 

percentage of the asymmetry between hemispheres [LCHD= 100*(CL-IL/ CL)], where CL 

and IL represent the latency values for recordings that were contralateral and ipsilateral to the 

stimulated ear. A negative value for latencies indicates contralateral dominance (shorter 

contralateral latencies) whereas values close to zero represent synchronous ipsi and contra 

latencies. N1 amplitude contralateral hemisphere dominance (ACHD) was expressed as 

percentage of the amplitude asymmetry between hemispheres [ACHD=100*(CA-IA/CA)], 

where CA and IA represent N1 amplitudes for recordings that were contralateral and 

ipsilateral to the stimulated ear. A positive value reflects larger contralateral responses (i.e., 

greater contralateral dominance) whereas values close to zero indicate symmetric responses. 

Children  

For children the same protocol was used however the data analyses were based on the 

dominant peaks in the child CAEP waveform, P1 and N250, rather than the contralateral 

dominance index. P1 was identified as the first positive waveform in the time window of 50-

150 ms and N250 the second negative peak at 250-350 ms. 
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CHAPTER 5: Impact of unilateral hearing loss on behavioural 

and evoked potential measures of auditory function in adults 
 

 

 

 

 

 

This chapter includes content from the article “Impact of Unilateral Hearing Loss on 
Behavioural and Evoked Potential Measures of Auditory Function in Adults” submitted to 
International Journal of Audiology, 2016  
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Introduction 
 

 A unilateral hearing loss (UHL) can have a significant functional and social impact on 

children and adults, affecting their quality of life (Borton et al., 2010; Wie, Pripp, & Tvete, 

2010). People with UHL have a diverse range of auditory difficulties, including speech 

recognition in noisy and group situations and sound localisation (Gustafson & Hamill, 1995; 

Ruscetta et al., 2005; Welsh et al., 2004). Compared to normal hearing listeners (NH)  

children with UHL have increased risk for language problems, academic failure, behavioural 

difficulties, and needing further educational assistance, despite the presence of one apparently 

normally functioning ear, (Brookhouser et al., 1991; Jensen et al., 2013; Lieu, 2004; Lieu et 

al., 2010). In adults, UHL is typically associated with difficulties understanding speech in 

noise and sound localisation (Giolas & Wark, 1967; Rothpletz et al., 2012), and UHL 

increases the self-perception of auditory disability for a range of listening situations 

(Augustine et al., 2013; Colletti, Fiorino, Carner, & Rizzi, 1988; Douglas, Yeung, Daudia, 

Gatehouse, & O'Donoghue, 2007). 

 

 Changes within the central auditory system (CAS) due to unilateral auditory 

deprivation have also been reported (Ponton et al., 2001; Vasama et al., 1995; Vasama & 

Mäkelä, 1997). UHL reduces or abolishes the auditory inputs from one ear, resulting in an 

imbalance in auditory signal representation within the CAS, which is associated with 

functional and anatomical changes at cortical and subcortical levels (Hutson, Durham, Imig, 

& Tucci, 2008; Maslin, Munro, Lim, Purdy, & Hall, 2013; McAlpine et al., 1997).  Binaural 

listeners have larger and earlier cortical responses in the hemisphere contralateral to the 

stimulated ear, which is evidence for hemispheric asymmetry (contralateral dominance) 

within the auditory pathway (Majkowski, Bochenek, Bochenek, Knapik-Fijałkowska, & 

Kopeć, 1971; F. E. Musiek, 1986). Several studies have shown significant effects of UHL on 
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contralateral dominance.  Functional magnetic resonance imaging (fMRI) and 

magnetoencephalograpy (MEG) show that the normal contralateral dominance pattern 

changes in UHL, with larger ipsilateral hemisphere activation compared to that seen in BL 

(Bilecen et al., 2000; Fujiki et al., 1998). Some studies of acquired profound unilateral 

hearing loss reveal a symmetric pattern of activation in the ipsilateral and contralateral 

hemisphere compared to normal hearing controls, explained by higher activation of the 

hemisphere ipsilateral to the stimulated (better) ear. However these changes tend to revert in 

the long term (Maslin, Munro, & El-Deredy, 2013a; Ponton et al., 2001). The extent of these 

changes may depend on factors such as duration of the hearing loss, aetiology, or side of 

deafness (Khosla et al., 2003; Maslin et al., 2013b; Vasama et al., 1995; Vasama & Mäkelä, 

1997). 

Despite evidence for negative effects of reduced unilateral auditory input on the 

neural encoding of binaural cues, the relationship of hemispheric asymmetry in 

electrophysiological measures is still not well understood. There are some inconsistences 

across studies that may result from differences in methodology and participant characteristics 

(Fujiki et al., 1998; Hanss et al., 2009; Hine et al., 2008; Khosla et al., 2003; Maslin et al., 

2013a; Ponton et al., 1996; Ponton et al., 2001; Vasama et al., 1995; Vasama & Mäkelä, 

1996; Vasama & Mäkelä, 1997).  

Cortical responses reflect auditory processing at higher levels of the auditory pathway 

and the N1 responses are sensitive to changes in stimulus characteristics (temporal and 

frequency features) (Hyde, 1997; B. A. Martin et al., 2008; Näätänen & Picton, 1987) which 

are important for speech recognition. There is a strong relationship between CAEP 

amplitudes and speech perception performance.  For instance, studies of normal hearing 

adults, show that as N1 amplitude becomes larger, better performance is observed (speech 

recognition scores) (C. Billings et al., 2013; Parbery-Clark, Marmel, Bair, & Kraus, 2011) in 
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children, smaller N2 amplitude lead a better performance (S. Anderson, Chandrasekaran, Yi, 

& Kraus, 2010). Makhdom et al (1998) found a positive relationship between N1-P2 complex 

amplitude and speech perception scores in cochlear implant users. Similarly Kelly, et al. 

(2005) reported a correlation between speech scores and P2 latencies as earlier responses are 

related to higher speech scores.  There is limited published information on the relation 

between speech perception and CAEPs in UHL.  

The current study was undertaken to investigate speech-evoked neural responses 

measured using CAEPs and their relationship with behavioural performance in adults with 

UHL compared to normal hearing controls in order to determine the effects of UHL on a 

range of auditory functions and to advance our knowledge of auditory plasticity in adults with 

UHL. 

 

Methods 

Participants 

Thirteen adults (6 males, 7 females) aged 24 to 65 years (mean 42.3, SD 12.9) with 

UHL were included in the experimental group (demographic details Table 5). The study 

group was a convenience sample from a clinical otology case load. Participants had left sided 

(n=6) or right sided hearing loss (n=7) with a range of aetiology, configuration, duration, and 

severity of hearing loss. Participants with UHL had hearing levels (0.5, 1.0, 2.0, 4.0 kHz pure 

tone average, 4PTA) ≤ 20 dB HL in their better ear and ≥ 25 dB HL in their affected ear. 

Three of the UHL participants reported inconsistent use of hearing aids but the other UHL 

participants had never used hearing instruments. All assessments were performed without 

hearing instruments. A BL (binaural listeners) comparison group of people with normal 

hearing thresholds, consisted of eleven adults (8 females, 3 males) aged 18 to 52 years (mean 

31.3, SD 9.7) who participated in the speech recognition, questionnaire and CAEP 
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assessments. For sound localisation, an exploratory assessment revealed that BL participants 

had no errors when performing the task. To simulate the effect of UHL on sound localisation 

ability, ten new participants with normal hearing (aged 24 to 33 years, 8 females, 2 males) 

were tested on the task with simulated right and left ear unilateral conductive with the hearing 

loss created by deep insertion of a foam earplug; BL plugged, BLpl (order of testing right and 

left ears counterbalanced).  

The study was approved by the University of Auckland Human Participants Ethics 

Committee and all participants gave written, informed consent.  (Refer to appendix 1-13) 
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Table 5. Unilateral Hearing Impaired Participants’ Demographic Information 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

HL: Hearing loss, SN: Sensorineural, CHL: Conduction hearing loss, ≈ approximately  

 

 

 

Participant Age 
(years) 

M/F  Hearing loss Aetiology Ear Duration  
(years) 

Language Hearing device 

         
UHL01 27 M SN severe-profound Sudden HL  Left 1;7 English No 
UHL02 34 F SN profound  Congenital Right 34 English CROS hearing aids 
UHL03 44 M CHL  moderate Chronic otitis media Right ≈20 English/Malay No 
UHL04 46 M SN severe-profound Meningitis Left 39 English No 
UHL05 54 F SN severe-profound Sudden HL Right 18 English CROS hearing aids 
UHL06 52 M SN mod-severe Acoustic Neuroma Right 2 English No 
UHL07 65 M SN moderate Sudden HL Left 1;8 English No 
UHL08 24 M CHL moderate Chronic otitis media Right 4 English No 
UHL09 49 F SN mod-severe Meniere’s Disease Left 3 English No 
UHL10 56 F Mixed profound Chronic otitis media Right ≈40 English No 
UHL11 41 F CHL moderate Temporal bone  

Fracture 
Left ≈35 English Conventional hearing aid 

UHL12 25 F CHL severe Aural Atresia Right 23 English No 
UHL13 33 F SN profound Acoustic Neuroma Left 8 English No 
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Procedures  

Behavioural Assessment 

The behavioural assessment protocol is described in Chapter 4 

Sound localisation 

 Sound localisation was tested using a five speaker setup. A spondee word “Frenchfries" 

spoken by a female native speaker of New Zealand English was presented at 62 dB SPL on 

average (roved +/- 8 dB) to avoid the use of absolute levels for localising the sound. Sound 

localisation errors were quantified by calculating Root Mean Square Error (RMS). This setup 

and stimuli were selected based in previous studies (Cullington et al., 2011; P. Johnstone et 

al., 2010) and due to the feasibility of assessing children and adults in clinical settings using 

this approach.  

Speech recognition in noise  

 Speech materials included the Bamford-Kowal-Bench/Australian version (BKB/A) and 

the Consonant-Nucleus-Consonant (CNC) monosyllabic words. Babble noise was 100 people 

speaking in a canteen. Speech recognition was measured in the sound field with three 

loudspeakers placed 1 m from the participant at −45°, 0°, and 45° azimuth, with the centre of 

the speaker at approximately head height. The following conditions were tested: a) Monaural 

Direct (MD): signal to good ear/noise to bad ear (CNCs, BKB/A sentences), b) Monaural 

Indirect (MI): signal to bad ear/ noise to good ear (CNCs, BKB/A sentences), and c) 

signal/noise in front (SNF) (BKB/A sentences only). The level of the speech material through 

the loudspeakers was set at 65 dB SPL for the CNC words, with multi-talker babble noise 

fixed at 60 dB SPL. Whole word scoring was used and percent correct scores (%) were 

determined. For BKB/A sentences, the speech recognition threshold (SRT) in noise was 

defined as the signal-to noise ratio (SNR) producing 50% correct whole sentence recognition. 
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The CNC word and BKB/A sentence materials were selected based on their wide utilisation 

in child and adult re/habilitation programs.  

Self-reported hearing performance 

 The Speech Spatial Qualities Hearing Scale (SSQ short version, 12 items) was used 

(Noble et al., 2013). Participants rated their responses using a 0-10 scale presented as a ruler, 

with the left-hand end representing inability or absence of quality and the right-hand end 

indicating full ability or presence of quality (Gatehouse & Noble, 2004). 

Cortical auditory evoked potentials (CAEPs) 

Stimuli 

 CAEPs were tested using three speech syllables (/di, gi, ti/) recorded using a native 

New Zealand English female speaker in a soundproof room via a AKG HC 577 

L omnidirectional headset microphone placed 3 cm from the speaker’s lips attached to an M-

Audio MobilePre. Speech was recorded and edited using Adobe Audition CS6 sound editing 

software, with a sampling rate of 44.1 kHz and 16 bit quantization rate. The total duration of 

each syllable was 246 ms after editing. The three speech syllables were presented at 65 dB 

SPL with continuous multi-talker babble presented at 60 dB SPL. For BL and UHL groups 

the loudspeaker setup was similar to that used for the spatial speech recognition in noise task 

(MD and MI conditions).  

A +5 dB SNR was selected as it is consistent with common everyday listening 

conditions (Smeds et al., 2015) and this SNR allows robust CAEPs to be recorded  that are 

sensitive to noise effects as they differ in latency and morphology from CAEPs in quiet 

(Whiting et al., 1998).  

Stimuli presentation order was randomized, and testing condition counterbalanced 

across participants, with two runs of 150 stimuli for each stimulus and condition. The 
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Neuroscan STIMTM system was used to present the speech stimuli with a 920 ms 

interstimulus interval (ISI). Babble and speech stimuli were presented via loudspeakers 

(Impact 50 Turbosound). Sounds were calibrated using a Bruel & Kjaer 2215 sound level 

meter measured at 1 m distance from the loudspeaker at the participant’s ear level. 

Cortical recordings 

 The Neuroscan SCANTM (version 4.3) was used to record CAEPs using ten EEG 

channels, with gold 10 mm disc electrodes placed at Cz and Fz referenced to M2; C4 and F4 

referenced to M2 and M1 (ipsi and contra references); C3 and F3 referenced to M2 and M1 

(contra and ipsi references). The ground electrode was located on the forehead and eye blink 

activity was monitored using an electrode placed above the left eye, referenced to M2. 

Electrode impedances were kept under 3-5 kΩ. The electrode montage was selected to 

minimise electrode application, in preparation for future planned studies with children, and to 

provide sufficient scalp locations to enable investigation of frontal versus central and 

hemispheric differences. 

EEG was amplified with a gain of 50000 and sampled at the rate of 1000 Hz. EEG 

epochs with -100 ms pre-stimulus to 600 ms post-stimulus time windows were extracted post 

hoc from the continuous file. Before averaging, responses were digitally low-pass filtered at 

30 Hz. All recordings were baseline corrected prior to averaging. Recordings with eye blink 

artifacts were corrected using the regression procedure ocular artifact rejection function in 

Neuroscan software (Neuroscan.Inc, 2007). This involves calculating an average blink from a 

minimum of 20 blinks for each participant, and removing the contribution of the blink from 

all other channels on a point-by-point basis. The artifact rejection threshold was set in the 

range ± 50 to ±75 µV. Short breaks were given between testing conditions if needed. 

Participants were tested whilst seated in a comfortable reclining chair, watching a captioned 

movie in a double-walled sound attenuating booth. 



 

95  

Cortical analysis 

 Amplitude and latency values for N1 peaks were determined for each condition. The 

amplitude of N1 was identified as the largest negative deflection between 80–160 ms after 

stimulus onset. Latency of the peak was measured at the centre of the peak. When the 

waveform contained a double peak of equal amplitude or a peak with a plateau, the latency 

was measured at the midpoint of the peak. Responses were determined by the agreement of 

two experienced judges.  

N1 latency contralateral hemisphere dominance (LCHD) was expressed as the 

percentage of the asymmetry between hemispheres [LCHD= 100*(CL-IL/ CL)], where CL 

and IL represent the latency values for recordings that were contralateral and ipsilateral to the 

stimulated ear. A negative value indicates contralateral dominance (shorter contralateral 

latencies) whereas values close to zero represent synchronous ipsi and contra latencies. N1 

amplitude contralateral hemisphere dominance (ACHD) was expressed as percentage of the 

amplitude asymmetry between hemispheres [ACHD=100*(CA-IA/CA)], where CA and IA 

represent N1 amplitudes for recordings that were contralateral and ipsilateral to the 

stimulated ear. A positive value reflects larger contralateral responses, whereas values close 

to zero indicate symmetric responses.  

Statistical analysis of the behavioural and cortical data  

 The Shapiro-Wilk test of normality was applied to all data and nonparametric tests were 

used to compare groups and conditions when assumptions of normality were not met. 

Between-group comparisons of UHL versus control participants were conducted using 

independent t-tests or Mann-Whitney U tests. Within-group comparisons (stimulus and 

electrode effects) were made used paired t-tests, Wilcoxon matched pair tests, and repeated 

measures analysis of variance (ANOVA). A p value <.05 was considered statistically 

significant. Bonferroni corrections were applied to correct for multiple comparisons. The 
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Greenhouse-Geisser correction was applied to the repeated measures ANOVA when 

Mauchly's test indicated that the assumption of sphericity had been violated. IBM SPSS 

statistics 21.0 version was used.  

Results 

Sound Localisation 

 Performance of the UHL group overall was compared to the BLpl group with simulated 

conductive hearing loss.  For this analysis scores were collapsed across ears for the BLpl 

group as right and left ear plugged scores did not differ significantly. Overall the BLpl 

group had localization errors of 14.2 (SD 11.8), similar to the errors of the UHL group (16.0, 

SD 24.1), however the UHL group showed much greater inter-subject variability as 

evidenced by the large standard deviation. There was no relationship between level of 

conductive hearing loss in the BLpl group and localisation errors. Differences between BLpl 

and UHL group errors were not significant. There was no difference in localisation 

performance for right and left UHL or onset of hearing loss. Mean errors scores were 11.2 

(SD 15.5) for people with right (n=7) and 21.7 (SD 32.2) for left (n=6) ULH, respectively.  

 The UHL group was also divided into early (less than 15 years of age, n=5) versus later 

onset (after age 15, n=8); there was no difference in localisation errors between early versus 

late onset groups (15.5, SD 16.5 vs 16.4, SD 29.0 respectively). The 15 years cut-off was 

selected as by this age the central auditory system is largely developed (Leibold LJ & Werner 

LA, 2012; Ponton et al., 2000). To investigate the relationship with severity of hearing loss, 

participants were grouped into two categories, those with a four frequency (0.5, 1.0, 2.0 and 

4.0 kHz, 4PTA) pure tone average < 60 dB HL were classed as mild to moderate and the 

others with 4PTA Hz ≥ 60 dB HL were grouped as having a severe to profound hearing loss. 

Participants who had severe to profound hearing loss (M 29.3, SD 26.8, n=7) had 

significantly (U= 0.0, p=.002, r=-.85) higher error scores than those with lesser degree of 
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hearing loss (M 0.6, SD 1.5, n=6). This significant difference was maintained (U= 0.0, 

p=.020, r= -.77) when conductive hearing loss cases were removed from the mild-moderate 

hearing loss group (M 32.3, SD 28.0 vs. M 1.23, SD 2.1). 

Speech recognition in noise 

 The UHL participants had lower performance overall for CNC words (% correct) and 

BKB/A sentences (dB SNR) than the BL group (Table 6). For CNC words, significant 

differences were only observed when the speech is directed to the bad ear. Participants with 

UHL required significantly greater SNR for the BKB/A sentences than BL individuals for all 

conditions. Greater severity of UHL was associated with a significant decrease in 

performance for CNC (t(11)=3.39, p=.006, d=1.89) and BKB/A (t(11)=-3.56, p=.004, d=-

1.98) stimuli but only for the MI condition. There was  

 no significant difference in speech perception performance between participants with early 

versus late onset for either CNC or BKB/A stimuli across all conditions. 
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Table 6.Mean (SD) of the speech recognition (CNC words, BKB/A sentences) and SSQ12 overall 
and subscales scores for BL and UHL groups 

 

 

 

 

 

 

 

 

 

 

 

 

 

a N = 11, BL:  Binaural listeners, bN = 13, UHL: Unilateral hearing loss, MD: Monaural 
direct, MI: Monaural indirect, SNF: Speech and noise front 

Self-report questionnaire   

 BL had significantly better (higher) scores than UHL participants for the SSQ overall 

scores for the three sections (Speech, Spatial and Qualities) and across subscales within these 

sections (Table 6). BL and UHL groups both reported the poorest (lowest) scores for the 

speech subscale, which examines speech in noise, in speech contexts, and in multiple speech 

streams. The question about listening effort from the pragmatic subscales produced the 

lowest scores across all subscales for the UHL participants. The side of the UHL was not 

  BLa UHLb p value 
 

    
CNC (%) MD 97.64 (2.01) 96.92 (2.90) p=.617 
 MI 97.64 (2.01) 58.31 (20.23) p<.001 
    
BKB/A (SNR dB) MD -2.81 (0.97) -0.25 (2.08) p=.001 
 MI -2.81 (0.97) 10.55 (4.35) p<.001 
 SNF 6.93 (0.73) 8.27 (1.03) p=.005 
     
     
SSQ12 Speech 8.09 (1.19) 4.90 (2.29) p=.001 
 Speech in noise 8.62 (1.38) 5.02 (2.44) p<.001 
 Multiple speech streams 7.89 (1.57) 4.80 (2.00) p=.001 
 Speech in speech 7.77 (1.60) 4.90 (2.91) p=.038 
     
 Spatial 8.50 (1.05) 5.34 (2.65) p=.002 
 Localisation 8.50 (1.05) 5.48 (2.97) p=.009 
 Distance and movement 8.50 (1.24) 5.26 (2.47) p=.001 
     
 Quality 8.72 (0.69) 5.97 (2.09) p<.001 
 Segregation 8.64 (1.05) 5.72 (3.17) p=.013 
 Identification of sound 8.86 (1.05) 7.26 (2.41) p=.043 
 Quality and naturalness 9.41 (0.74) 7.49 (2.60) p=.011 
 Listening effort 7.95 (1.35) 3.41 (2.53) p<.001 

 
Overall 8.45 (0.76) 4.95 (1.74) p<.001 
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associated with differences in SSQ scores, however for greater degree of hearing loss, spatial 

SSQ12 scores were significantly poorer (U=6.50, p=.038, r=-.57).  

SSQ12 scores and behavioural measures 

 Spearman rank-order correlations were calculated to explore the relationship between 

SSQ12 scores and degree of hearing loss, speech scores, and sound localisation errors. For 

UHL participants 4PTA was not significantly correlated with SSQ12 overall or any of the 

subscales (p>.05). CNC and BKB speech scores and sound localisation errors were also not 

correlated with SSQ12 scores (p>.05). Thus, although the general trends in the data indicate 

less hearing loss, better speech performance, and fewer localisation errors were associated 

with better SSQ scores, correlations with the SSQ were not statistically significant. 

Cortical auditory evoked potentials 

Binaural listeners 

 CAEPs with characteristic morphology were elicited from BL participants. As seen in 

Table 7, larger amplitude and earlier responses were found in the hemisphere contralateral to 

the stimulated ear, mainly for right ear presentation and central locations (C3-C4) across 

stimuli     

Three-factor (ear [2] |stimuli [3] | electrodes [4]) repeated-measures ANOVAs were 

used to separately investigate N1 amplitudes and latencies. There was a significant stimulus 

main effect for N1 amplitudes (F(1.35,13.44)=42.83, p<.001), and a  significant ear*electrode 

interaction (F(1.56,15.63)=24.15, p<.001). Mean N1 amplitudes were larger in the hemisphere 

contralateral to the side of presentation compared to the ipsilateral hemisphere (Table 7) and 

N1 amplitudes were significantly larger at C3 for right ear (contralateral) stimulation 

compared to left ear stimulation (F(1,10)=39.57, p<.001). The /di/ stimulus presented to the 

right ear produced largest N1 amplitudes (Figure 4). Pairwise comparisons revealed 
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significant differences in amplitudes for /ti/ at central (C3-C4) versus frontal (F3-F4) 

locations for right ear presentation, but this electrode difference was not present for left ear 

presentation or for the other two stimuli.  

N1 latency analyses showed a significant main effect of stimuli (F(2,20)=171.97, 

p<.001), with a significant ear*electrode  interaction, (F(1.56,15.63)=24.15, p<.001). Figure 4 

shows that latencies were shortest for /ti/ followed by /di/ and /gi/ for both right and left ear 

presentation. Mean N1 latencies are shorter in the hemisphere contralateral to the side of 

presentation compared to the ipsilateral hemisphere across all stimuli for BL (Table 7). 

Pairwise comparisons revealed significant differences in latency for /di/ versus /gi/ for the 

central electrodes and for /gi/ versus /ti/ for frontal electrodes for right ear presentation. 
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Table 7. N1 Amplitude and latency (SD) as function of stimuli and ear of presentation (N=11) for BL group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*significant difference after Bonferroni correction, p<.004 

       
     Amplitude, µV (SD)  
   
   C3 C4 p value   F3 F4 p value 
Right ear  
presentation  

         

 /di/  -6.11(2.32) -5.22(1.74) p=.006  -5.93(2.69) -5.00(2.12) p=.006 
 /gi/  -4.37(1.75) -3.70(1.14) p=.040  -4.32(1.90) -3.63(1.40) p=.032 

 /ti/  -3.75(1.46) -2.43(1.04) p<.001*  -3.38(1.70) -2.26(1.14) p=.001* 
Left ear  
presentation 

         

 /di/  -5.35(2.03) -5.55(1.61) p=.417  -5.28(2.25) -5.68(1.88) p=.108 
 /gi/  -3.63(1.87) -3.88(1.34) p=.292  -3.72(1.99) -4.00(1.56) p=.163 
 /ti/  -2.79(1.51) -3.05(1.38) p=.365  -2.53(1.52) -3.05(1.25) p=.237 
          
          
     Latency, ms (SD)  
Right ear   
presentation 

         

 /di/  135.55(6.67) 139.00 (7.87) p=.001*  135.45 (6.62) 140.35 (9.24) p=.006 
 /gi/  145.18(7.48) 152.91 (8.95) p=.001*  146.73 (7.63) 152.91 (8.87) p=.003* 
 /ti/  122.09(9.17) 125.64 (9.04) p=.072  120.45 (9.16) 128.00 (7.50) p=.002* 
Left ear  
presentation 

         

 /di/  139.73(8.06) 137.18 (5.88) p=.083  140.55 (8.20) 136.82 (7.74) p=.006 
 /gi/  151.36(11.87) 147.64 (7.97) p=.094  154.27 (12.55) 148.27 (9.34) p=.034 
 /ti/  125.55(10.62) 121.36 (8.02) p=.039  125.45 (10.47) 125.00 (10.12) p=.855 
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Figure 4. Grand mean for binaural listeners (N=11) for contralateral and ipsilateral waveforms at 
central and frontal electrodes for right ear presentation for /di/, /gi/ and /ti/ speech stimuli 
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Contralateral dominance: BL versus UHL  

 Data from BL were obtained for monaural right and left stimulation and UHL 

participants were tested with stimuli presented to the unaffected side with noise presented to 

the affected side. BL showed the expected hemisphere asymmetry pattern. ACHD and LCHD 

were significantly different between right (speech to the right, noise to the left ear) and left 

(speech to the left, noise to the right ear) ear presentations for /ti/, at central (U=26, p=.023, 

r=-.48) and frontal (U=21, p=.009, r=-.50) electrodes, respectively. For /ti/, stronger 

activation of the left hemisphere was evidenced by larger amplitude and shorter responses 

elicited by right ear presentation for BL. The pattern differed for the UHL group. 

ACHD values for the UHL group differed significantly between right and left side 

stimulation for /di/ at central electrodes (U=3.00, p=.010, r=-.71) (Figure 5). The 

contralateral dominance based on CAEP amplitudes was reduced in the right ear UHL group 

(i.e. smaller right hemisphere amplitudes with left ear stimulation), as the asymmetry values 

are negative or close to zero for central electrodes across all stimuli (Figure 5).  

 

Figure 5. Mean N1 ACHD values (central electrodes) for normal and unilateral hearing groups in 
function of ear of stimulation. (a) For right ear presentation, binaural listeners group (RE-Nh) and left 
ear presentation,  binaural listeners group (LE-Nh). *significant difference, p<.005 
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 The comparison of ACHD and LCHD values between BL and UHL groups as a 

function of side of stimulation did not show significant statistical differences between groups, 

except for LCHD for /gi/ at central electrodes (C3, C4) when /gi/ was presented to the right 

ear. For /gi/ to the right ear, the latency asymmetry was significantly smaller for participants 

with UHL than BL (U=11.00, p=.027, r=-.53). For this condition, N1 latencies were shorter 

for the contralateral hemisphere (C3) for the BL group, resulting in a negative LCHD value; 

this asymmetry was still present but was reduced in the UHL participants with left sided 

deafness (right ear stimulus presentation)   

As /di/ N1 amplitude seemed to be more sensitive to hemispheric asymmetry we used 

the ACHD index to explore relationships between CAEP asymmetry and degree of hearing 

loss and duration. For UHL participants no relationship was found between /di/ ACHD and 

pure tone average (4PTA), however duration of hearing loss showed a moderate correlation 

(p<.05) for /di/ at central (C3-C4, rs= -.571, p=.041) and frontal (F3-F4, rs=-.604, p=.029) 

electrode locations (see Figure 6). As duration of hearing loss increased, contralateral 

dominance decreased. Figure 6shows a participant who appears to be an outlier because of 

their long duration of deafness and very large negative hemispheric asymmetry (indicating 

strong ipsilateral hemisphere response dominance) (40% ACHD. With this outlier removed 

the correlation was still statistically significant, improving slightly for central (rs=-.629, 

p=.028) and frontal (r=-.685, p=.014) locations, supporting the finding that longer durations 

of deafness were associated with less contralateral dominance. 
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Figure 6. Significant Spearman correlations between N1 ACHD % for /di/ and duration of deafness 
for central and frontal locations. The dotted lines are linear regression lines. 

 

Cortical versus behavioural measurements 

 Speech scores were compared to N1 amplitudes (Cz, Fz). As seen in Figure 7a-b, CNC 

words scores for the MI condition showed a significant correlation for /di/. The negative 

correlations for CNC words indicate that better speech scores were associated with larger 

(more negative) N1 amplitudes. For sentences, better speech perception (smaller dB SNR) 

was associated with increased N1 amplitude (more negative).   

Due to a small sample is not possible to conduct statistical analysis to explore the 

effects of type of hearing loss (conductive versus sensorineural). To explore whether type of 

hearing loss might influence findings, Table 8 shows results for individual cases with 

conductive and moderate sensorineural hearing loss. Visual inspection of the results indicates 

that performance is similar across tests for moderate conductive and sensorineural cases, 
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except for N1 ACHD for /ti/ sound where a conductive loss was associated with much more 

symmetric hemispheric responses.   

 

 

Figure 7. Spearman correlation between composite N1 amplitude (Cz, Fz) for /di/ and speech scores 
for words (a) and sentences (b) for MI condition. 
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Table 8. Behavioural scores for monaural indirect (MI, speech to poor ear / noise to good ear) condition and cortical auditory evoked potential amplitude 
asymmetry index (%) for moderate unilateral hearing loss conductive and sensorineural (SNHL) cases. 

 

*Pure tone average (500, 1k, 2k, 4k Hz) 

 Participant Pure tone average 

(500, 1k, 2k, 4k Hz) 

BKB/A speech 

reception threshold 

CNC 

word 

scores 

Localisation 

errors 

% N1 amplitude asymmetry at central 

electrodes (C3-C4) 

  dB HL dB SNR % degrees /di/ /gi/ /ti/ 

         

Conductive UHL-3 38.8 6.1 70 0 2.6 11.5 0.5 
UHL-8 40.0 0.9 98 0 -11.1 -42.9 0.1 

UHL-11 40.0 6.4 68 0 6.9 28.6 5.1 
Mean  
(SD) 

39.6 
(0.6) 

4.4 
(3.0) 

78.7 
(16.7) 

0 
(0) 

-0.5 
(9.4) 

-0.93 
(37.3) 

1.9 
(2.7) 

SNHL         
UHL-6 48.8 11.5 66 0 -4.7 -8.6 17.6 
UHL-7 47.5 10.6 76 3.7 26.9 22.7 24.1 
UHL-9 36.3 8.0 62 0 20 -27.9 23.8 

Mean  
(SD) 

44.2 
(6.8) 

10.0 
(1.8) 

68.0 
(7.2) 

1.2 
(2.1) 

14.0 
(16.6) 

-4.5 
(25.4) 

21.83 
(3.6) 
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Discussion   
 

 Most studies of individuals with UHL have focussed on either behavioural or 

electrophysiological measures but few have explored and compared both types of measure in 

the same participants. The current study thus provides a broad view of auditory function for 

people with UHL including the underlying cortical electrophysiology, and contributes to the 

understanding of the effects of UHL at physiological and behavioural levels.  

UHL disrupts the binaural balance of neural inputs, altering binaural interactions 

within the CAS, and producing functional and/or physiological changes within the structures 

of the CAS (Keating et al., 2015; Kral, Hubka, & Tillein, 2015). Changes in CAS activity are 

expected with stimulation of the intact ear, as the afferent input is now unilateral. Indeed, we 

observed that with right ear deafness (left ear stimulation) the CAEP amplitude asymmetry 

pattern seen in the BL was disrupted, with changes in the activity recorded over the right 

hemisphere contralateral to the left ear. It has been suggested that cortical reorganization 

occurs in UHL as a result of a decrease in contralateral activity, an increase in ipsilateral 

hemisphere activity, or both (Hanss et al., 2009; Khosla et al., 2003; Scheffler et al., 1998; 

Vasama et al., 1995). One possible hypothesis is that disinhibition (unmasking) may occur to 

compensate for the reduced input from the affected ear, increasing the responsiveness of the 

ipsilateral cortex to the intact ear (Bilecen et al., 2000; Salvi et al., 2000; Tremblay & Moore, 

2012).  

As seen in Figure 5, ACHD values were negative or close to zero in people with right 

ear UHL (left ear stimulation and central electrodes indicating stronger ipsilateral activity). 

Thus, the current study provides some support for the idea that changes in hemispheric 

activation after UHL may be ear dependent. Statistical differences were not consistently seen 

across stimuli and electrode locations and hence, as has been the case in previous studies, 

evidence from the present study is not sufficient to confirm whether there are ear-dependent 
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differences in the impact of UHL. Others have reported a reduction in amplitude and/or 

latency differences between hemispheres mainly for left-sided deafness when tones (e.g. 1 

kHz), clicks, or simple speech sounds (e.g. vowel /a/), mostly in quiet, are used as stimuli 

(Fujiki et al., 1998; Hanss et al., 2009; Khosla et al., 2003; Vasama et al., 1995). Differences 

in stimuli (CV syllables in noise in the current study) may have contributed to differences 

findings across studies regarding ear effects on hemispheric asymmetry.  

Although there are reports in the literature of reduced hemispheric asymmetry in UHL 

(Bilecen et al., 2000; Hanss et al., 2009; Khosla et al., 2003; Langers et al., 2005; Ponton et 

al., 2001), there are studies that did not find clear significant changes in hemispheric 

asymmetry in UHL (Hine et al., 2008; Vasama et al., 1995; Vasama & Mäkelä, 1997). 

Inconsistences across studies may reflect factors such as aetiology (e.g. acoustic neuroma, 

congenital single sided deafness and sudden hearing loss), and duration (from two up to 18 

years), onset (early and late), degree (moderate to profound), and side of the UHL, and 

methodological differences such type of stimuli (e.g. tones, syllables) and small number of 

participants.  

For our sample, hearing loss duration was correlated with %ACHD for /di/; as the 

duration of the hearing loss increased the normal pattern of hemisphere asymmetry 

decreased. Duration of hearing loss rather than age at onset was associated with hemispheric 

CAEP asymmetry. In contrast, Kral et al (2013) reported a sensitive period for 

reorganization, as they found that ipsilateral-contralateral hemisphere latency changes were 

more evident for early onset of the hearing loss. Early and late onset UHL may be associated 

with different auditory plasticity mechanisms as the auditory brain adapts to the new balance 

of auditory inputs (Kacelnik et al., 2006; Keating & King, 2013). Differences between studies 

in the onset and duration of UHL and time of assessment could account for differences in 

findings. Maslin (2013a) followed people after the onset of UHL and found recovery of the 
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normal asymmetric CAEP pattern after a period of time in cases of a profound hearing loss 

due to neuroma removal. CAEP assessment occurred many years after the hearing loss onset 

for most participants in the current study so we were not able to identify a baseline or 

possible changes that take place over time compared to the onset of the hearing loss.   

One relevant factor that should be considered is the age at onset of the hearing loss 

which may account for some of the differences observed in the present study across 

participants. As cortical development is regulated by experience (Kral, 2013), a late onset 

(acquired) hearing loss may have less impact on cortical responses, depending on the period 

when deprivation occurred. Studies investigating the impact of conductive hearing loss in 

animals show differential changes in binaural sound representations after unilateral deafening 

as evidenced by changes in ipsilateral/contralateral hemisphere cortical activity that are age-

dependent (Polley et al., 2013). Changes in cortical asymmetry in this animal study were 

greater with earlier onset of deafness, consistent with the concept of a sensitive period for 

bilateral processing, as has been seen in human studies of UHL (Kral et al., 2013).  

The perceptual consequences of a loss of hemispheric asymmetry are not well 

established. Our data showed that speech in noise recognition and sound localisation were 

markedly affected by a UHL, but there was no association between CAEP asymmetry and 

behavioural measures. However, Bellis et al (2000) reported that BL who had symmetric 

hemispheric responses for synthetic speech stimuli experienced difficulties discriminating 

fast spectro-temporal changes within a syllable. It would be useful to explore different 

temporal characteristics of speech stimuli that might be more sensitive to the perceptual 

consequences of CAEP hemispheric activity patterns.  

 Evidence for perceptual changes in UHL has been reported by Maslin et al (2015) who 

found that adults with UHL had improved intensity discrimination in the intact ear compared 

to controls. Mishra et al (2015) reported poorer performance in the good ear for gap detection 
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in noise in UHL compared to BL. This is consistent with the finding of poorer speech 

perception in UHL in the current study. Further research is needed to clarify the relationship 

between psychoacoustic perceptual measures and speech perception in UHL. 

 Although there was no relationship between CAEP asymmetry indices and 

behavioural performance for our sample, we found robust correlations between N1 

amplitudes and CNC word and sentence performance for the MI condition for /di/. Previous 

studies involving BL also show correlations between behavioural speech measures and N1 

amplitudes, particularly when CAEPs are evoked by speech stimuli and measured at Cz (S. 

Anderson et al., 2010; C. Billings et al., 2013; Parbery-Clark et al., 2011). However, there is 

limited evidence for this correlation in people with hearing loss. Our results suggest that N1 

response amplitude elicited by /di/ might be a useful objective indicator of speech perception 

in noise in people with UHL.  

Conclusion  
 

UHL affects a wide range of auditory abilities including speech in noise recognition, 

sound localisation and self-perception of hearing disability. Speech perception in noise was 

compromised even when the acoustic environment should be advantageous for people with 

UHL, when the signal was presented to the good ear and noise to the poor ear. Sound 

localisation was worse for people with more severe UHL but varied greatly for people with 

the same degree of hearing loss, which may reflect effects of age at onset, duration, and 

aetiology of the hearing loss. Speech in noise perception and listening effort were a major 

concern of the participants with UHL, who rated this as their greatest problem. Despite of the 

limitations of the current study, CAEPs evoked by speech syllables in noise showed a greater 

effect of right ear UHL on N1 amplitude asymmetry than left ear UHL, however this effect 

was restricted to the speech sound (/di/) and central electrode locations and hence further 
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research is needed to verify this effect. Duration of the hearing loss was associated with 

CAEP hemispheric asymmetry for /di/. CAEP amplitudes were correlated with speech 

perception for /di/. Thus, this speech stimulus may be useful for further studies involving 

larger numbers of participants with UHL.  
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CHAPTER 6: Longitudinal study of an adult with single sided 

deafness: case study 
 

 

 

 

 

 

 

 

This chapter includes content from the article “Cortical auditory evoked potential (CAEP) 
and Behavioural Measures of Auditory Function in an Adult with a Single Sided Deafness: 
Case Study”, submitted to Journal of the American Academy of Audiology, 2016 
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Introduction  
 

 The impact of unilateral hearing loss (UHL) is typically underestimated as people are 

able to perform daily life activities without major problems, however, there is growing 

evidence that children and adults with UHL are at risk for auditory difficulties such as speech 

recognition in adverse conditions (Bess & Tharpe, 1986a; Reeder et al., 2015; Rothpletz et 

al., 2012; Ruscetta et al., 2005), poor sound localisation (Bess & Tharpe, 1986b; Gustafson & 

Hamill, 1995; Humes et al., 1980; Newton, 1983; Noble et al., 1994), and self-reported 

hearing disability (Araujo et al., 2010; Augustine et al., 2013; Colletti et al., 1988; Iwasaki et 

al., 2013; Vannson et al., 2015). 

Changes within the central auditory system due to UHL have been reported in the 

literature as a more symmetric hemispheric response pattern based on evoked response or 

functional imaging studies (Maslin, 2011; Schmithorst et al., 2005; Vasama et al., 1995; 

Vasama & Mäkelä, 1997; Yang et al., 2014). These changes appear to take place at cortical 

and subcortical levels (Hutson et al., 2008; Maslin et al., 2013; McAlpine et al., 1997). Other 

studies have failed to find clear evidence of cortical reorganization due to a UHL (Vasama & 

Mäkelä, 1997); differences in methodology and small sample numbers may account for such 

differences.    

Commonly people with acoustic neuroma present with a profound UHL after the 

tumour is removed (Green & McKenzie, 1999; Harner, Fabry, & Beatty, 2000), a condition 

that is now known as single sided deafness, SSD (Vincent et al., 2015). SSD resulting from 

tumour removal presented the opportunity to study the effects over time of a sudden UHL 

and its consequences over a broad range of auditory functions: speech in noise, sound 

localisation, self-perception of difficulties, and cortical auditory evoked potentials (CAEPs). 

The purpose of the current case study was to monitor the pattern of change over time after 

tumour removal and to determine the impact of hearing device use on auditory function. 
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Methods 
 

Participant 

 The participant (AN) was a 53 years old male (right handed) originally referred to an 

otolaryngologist for sinus surgery. He reported progressive hearing loss in the right ear and 

tinnitus, but no dizziness prior to the consultation. Computerized axial tomography and 

magnetic resonance imagining showed a 6 cm vestibular schwannoma in the right ear. The 

patient underwent translabyrinthine surgery to remove the acoustic neuroma. 

Procedure 

 A comprehensive assessment was performed pre surgery and at two, six, and 12 months 

after surgery and after two 1-month trials of hearing devices. The assessment included pure 

tone audiometry, tympanometry, acoustic reflexes, and spatial speech in noise recognition, 

sound localisation, and CAEPs. One week after the 12 month assessment AN began two 

separate one-month trials, separated by two weeks, first of a bone anchored hearing device 

(BAHD) in a soft band (PONTO Plus, Oticon Medical), and second of a BiCROS system 

(Oticon Alta Pro behind-the-ear, BTE 13). The 12 month assessment was one week before 

the BAHD trial. The next assessment was immediately after the BAHD trial, which was two 

weeks before the BiCROS trial. The final assessment was immediately after the BiCROS 

trial.  

The Ponto Plus was fitted according the manufacturer’s prescription (NAL1, multiple 

adaptive microphones, digital feedback suppression and noise management feature on). The 

BiCROS system was verified using real-ear measures (Audioscan Verifit) and the hearing 

aid’s response was fine-tuned to ensure the output matched the prescription (Dillon, 2012). 

Adaptive directional microphone and noise reduction algorithms were active at the time of 

assessment.  
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 Speech materials included the Bamford-Kowal-Bench/Australian version (BKB/A) 

(Bench et al., 1987), which has 21 lists of 16 sentences each, recorded using a female voice 

(New Zealander English native female speaker) and the  Consonant-Nucleus-Consonant 

(CNC) monosyllabic words (Peterson & Lehiste, 1962), which has 10 lists of 50 items each 

(New Zealander English native male speaker). Babble noise was the NOISEX-92 recording 

consisting of 100 people speaking in a canteen (room radius > 2 m) (Varga & Steeneken, 

1993). 

Spatial speech in noise recognition was measured in sound field using three 

loudspeakers placed at eye level, 1 m from the participant (−45°, 0°, and 45° azimuth). The 

following conditions were tested: a) Monaural Direct (MD): signal to good ear/noise to bad 

ear (CNCs, BKB/A sentences), b) Monaural Indirect (MI): signal to bad ear/ noise to good 

ear (CNCs, BKB/A sentences), and c) Signal/Noise in Front (SNF) (BKB/A sentences only). 

The level of the speech material through the loudspeakers was set at 65 dB SPL for the CNC 

words, with multi-talker babble noise fixed at 60 dB SPL. Whole word scoring was used and percent 

correct scores (%) were determined. For BKB/A sentences, the speech recognition threshold (SRT) in 

noise was defined as the signal-to noise ratio (SNR) producing 50% correct whole sentence 

recognition, measured using an adaptive (two-up/two-down) procedure (Plomp & Mimpen, 1979; 

Ruscetta et al., 2005). Noise was at a fixed level (60 dB SPL) and the speech level was adjusted. The 

two first sentences served as practice, presented at 64 dB SPL; if they were repeated correctly the 

signal was decreased by 4 dB (initial step size). The final step size was 2 dB. 

Sound localisation was tested using a spondee word “Frenchfries” spoken by a female 

native speaker of New Zealand English. The stimulus presentation level was 62 dB SPL on 

average, randomly varied between 54 and 70 dB SPL (roved +/- 8 dB) to avoid the use of 

absolute levels for localizing the sound.  Five loudspeakers were placed at −90°, −45°, 0°, 

45°, and 90° azimuth at 1 m distance from the participant with the loudspeaker centres at 

approximately head height. Each loudspeaker was labelled with a small number. AN was 
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instructed to look to the front speaker all the time and to point to the number where the sound 

was heard. Stimuli were presented randomly a total of 6 times to each loudspeaker for a total 

of 30 trials (different random sequence). Root Mean Square Error (RMS) sound localisation 

errors were calculated. 

To assess self-reported perception of disability the Speech, Spatial and Qualities of 

Hearing Scale (SSQ) 12-item short version was used (Noble et al., 2013) for the baseline 

measurement. Overall and subscale (Speech, Spatial and Qualities of hearing) scores for the 

SSQ12 were obtained at baseline and over time (two, six, and 12 months after surgery). The 

benefit version of the questionnaire (SSQ12-B) was given after each hearing device trial. For 

the benefit questionnaire, responses are recorded using a scale from -5 to 5, where positive 

numbers indicate improvement or benefit, negative numbers indicate worse performance, and 

zero represents no change compared to the unaided condition.  

CAEPs were tested using three 246-ms speech syllables (/di, gi, ti/) recorded using a 

native New Zealand English female speaker. The three speech syllables were presented 

separately at 65 dB SPL with continuous multi-talker babble presented at 60 dB SPL. The 

loudspeaker setup was similar to that used for the spatial speech recognition in noise task 

(MD and MI conditions) 

The Neuroscan SCAN™ (version 4.3) was used to record CAEPs using ten EEG 

channels, with gold 10 mm disc electrodes placed at Cz and Fz referenced to M2; C4 and F4 

referenced to M2 and M1 (ipsi and contra references); C3 and F3 referenced to M2 and M1 

(contra and ipsi references). The ground electrode was located on the forehead and eye blink 

activity was monitored using electrodes placed above the left eye. Electrodes impedances 

were kept under 3-5 kΩ. 
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Amplitude and latency values for N1 peaks were determined for each condition. The 

amplitude of N1 was identified as the largest negative deflection between 80–160 ms after 

stimulus onset. Latency of the peak was measured at the centre of the peak. When the 

waveform contained a double peak of equal amplitude or a peak with a plateau, the latency 

was measured at the midpoint of the peak. Responses were determined by the agreement of 

two judges.  

N1 latency contralateral hemisphere dominance (LCHD) was expressed as the 

percentage of the asymmetry between hemispheres [LCHD= 100*(CL-IL/ CL)], where CL 

and IL represent the latency values for recordings that were contralateral and ipsilateral to the 

stimulated ear. A negative value indicates contralateral dominance (shorter contralateral 

latencies) whereas values close to zero represent matched ipsi and contra latencies. N1 

amplitude contralateral hemisphere dominance (ACHD) was expressed as the percentage 

amplitude asymmetry between hemispheres [ACHD=100*(CA-IA/CA)], where CA 

(contralateral amplitude) and IA (ipsilateral amplitude) represent N1 amplitudes for 

recordings that were contralateral and ipsilateral to the stimulated ear. A positive value 

reflects larger contralateral responses, whereas values close to zero indicate symmetric 

responses. 
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Results 

Baseline 

Audiometry 

Pure-tone air conduction (AC) and bone conduction (BC) audiometry prior to surgery revealed 

an asymmetric sensorineural hearing loss for the high frequencies for the right ear and normal 

hearing for the left ear (≤20 dB HL) up to 4000 Hz, with a mild notched hearing loss at higher 

frequencies (Figure 8).  

 

 

 

 

 

 

 

 

 

 

Figure 8. Air conduction pure tone thresholds for right and left ear at baseline and after surgery. Open 
triangles represent non responses for air conduction post neuroma acoustic removal surgery. Hearing 
did not change in the left ear post-surgery. 
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Speech perception 

Spatial speech in noise recognition showed poor performance especially in the most 

disadvantageous condition when speech was directed to the poor ear and noise to the good 

ear (MI condition) compared to adult listeners with normal hearing. AN’s performance is 

compared to performance of 11 adults with normal hearing aged 18 to 52 years (mean 31.3, 

SD 9.7; 8 females, 3 males). On average listeners with normal hearing have a speech 

recognition threshold of -2.80 dB SNR for sentences and score 96% correct for CNC words 

for the most disadvantageous MI listening condition. At baseline AN had a much poorer 

speech recognition threshold of 11.50 dB and scored 66% for words for this condition. 

Performance was also poor when the speech and noise were in the same location (front) 

compared to the norm (9.10 dB versus normative value of 6.90 dB SNR). See Figure 9  

 

 

 

 

 

 

 

 

 

 

Figure 9. Speech recognition scores for sentences (A.BKB/As) and words (B. CNCs) over time and 
for the aided condition. Aided1: Ponto Plus (BAHD); Aided2: ALTA Pro BiCROS 

 



 

121  

Sound localisation 

Sound localisation performance showed no errors at baseline indicating no difficulties 

localizing sound in the horizontal plane. Normal hearing adults also show no errors on this 

task.  

Self-perception of hearing difficulties 

Overall SSQ and SSQ subscale scores were lower than those of normal hearing adults 

(N=11); a difference of two points is considered clinically significant (Olsen, Hernvig, & 

Nielsen, 2012). Based on this criterion, the Overall, and Speech and Spatial SSQ scores 

indicated significant difficulties at baseline (Figure 10). If we look in more detail within each 

subscale (Figure 11) the scores at baseline for each item are two or more points below the 

norm for binaural hearing listeners except for listening effort, which was not perceived as a 

problem at baseline.    

  

 

 

 

 

 

 

 

Figure 10. AN’s SSQ subscale and overall scores at baseline (open bars) and normal hearing control 
group (N=11) (full bars). Error bars represent 95% confidence intervals for the means. 
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Figure 11. Mean for Overall SSQ12 mean score (A), and Speech (B), Spatial (C), and Qualities (D) 
subscale scores over time for the unaided assessments. 
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Cortical auditory evoked potentials 

For the CAEP recordings speech was directed to the good (left) ear at a presentation 

level of 65 dB SPL and noise to the poorer ear (right) at 60 dB SPL. CAEP waveform (P1-

N1-P2) morphology was similar at baseline across speech sounds to that obtained in normal 

hearing listeners for the midline electrode location (Cz) (Figure 12). Figure 13 shows N1 

amplitudes over time for the ipsilateral and contralateral central (C3=ipsilateral, 

C4=contralateral) and frontal (F3=ipsilateral, F4=contralateral) electrodes. For speech stimuli 

presented to the left ear, larger and earlier cortical responses are expected over the right 

hemisphere (C4, F4) compared to responses recorded over the left hemisphere (C3, F3). 

Contralateral hemisphere dominance indexes show larger N1 responses for the left 

(ipsilateral) hemisphere for /di/ and /gi/ speech sounds presented to the better (left) ear at 

central electrodes (ACHD = -4.7 and -8.6% respectively) and for /gi/ at frontal electrodes (-

9.1%). Contralateral dominance (positive ACHD) was evident for /ti/ for central and frontal 

electrodes (17.6 and 28.0% respectively) (Figure 14).  

 

Figure 12. Grand average for normal hearing listeners at Cz for speech sounds (left), AN baseline 
measurement at Cz for speech sounds (right) 
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Figure 13. N1 amplitude for contralateral (C4, F4; solid bars) and ipsilateral (C3, F3; open bars) hemisphere for speech stimuli at central (A) and frontal (B) 
electrode locations over time. Speech was presented to the better hearing (left ear) and babble to the right ear.
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Figure 14. Mean N1 ACHD values (%) at central (C3, C4; open bars) and frontal (F3, F4; solid bars) for left ear presentation for the normal hearing and 
control group and AN (good ear) for the baseline and two, six, 12 month visit over time. The hearing device trials occurred between the 12 and 15 month 
visits. Error bars represent 95% confidence intervals for the means (normal hearing group).
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Figure 15. AN’s CAEPs responses at central electrodes (C3, C4) for /di/ over time for left ear 
presentation. 

 

Follow up 

Audiometry 

As seen in Figure 8, after surgery AN had no measureable hearing in the right ear and 

hearing in the left ear was not changed after the surgery. Ipsilateral acoustic reflexes 

thresholds were present at normal levels for the left ear and absent in the right ear.  

Speech perception 

Spatial speech in noise recognition performance was worse (higher SNR) over time 

after the surgery. Speech recognition was markedly affected mainly when speech was 

directed to the bad ear with the worst score at two months post-surgery (18.0 dB SNR). This 

reduction in speech perception in noise was expected as the SSD eliminated access to 

acoustic cues for the operated ear. When speech and noise were in the same location (front, 

SNF) performance did not change over time; the poor performance evident at the pre-surgical 

baseline was maintained over time (range of 8.4 to 9.1 dB SNR). It is of interest that when 

BKB/A sentences were directed to the good ear and noise to the bad ear, performance was 

poorer than normative scores for binaural listeners, as evidenced by the higher SNR obtained 

for AN (range 0.8 to 3.5 dB) compared to the norm of -2.8 dB (SD 0.9) for normal hearing 
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adult listeners. In contrast word recognition (% correct) was not affected when the signal was 

presented to the good ear. Word recognition was only affected for the most disadvantageous 

listening condition (speech to the bad ear, MI); for this condition there was a trend for 

performance to decrease over time (Figure 9). 

Sound localisation 

Sound localisation decreased considerably after the surgery, probably due to the 

complete loss of binaural cues due to SSD. Prior to the surgery AN had no localisation errors. 

Immediately after surgery errors were highest (21.9 RMS); errors decrease over the first six 

months post-surgery (12.5 RMS), suggesting some compensation occurred.  

Self-perception of hearing difficulties 

Self-reported perception showed an increase in difficulty over time mainly for the 

Qualities subscale (range of 2.7 to 3.0 points) with the worst scores at six months. Within that 

subscale the item assessing listening effort dropped the most after 6 months post-surgery, 

reaching the worst possible score of zero on the scale; this low score was still present at 12 

months indicating that AN needed to “concentrate hard” (Figure 11).   

Cortical auditory evoked potentials 

N1 amplitude contralateral hemisphere dominance showed changes over time (Figure 

13-15). For all speech stimuli, responses recorded over the right hemisphere (contralateral) 

were larger (i.e., positive ACHD), except for /gi/ measured at 12 months after surgery at 

frontal locations (ACHD = -8.1%) (Figure 14).  At six months contralateral N1 (right 

hemisphere) amplitude was largest for /di/ and /gi/ sounds for central and frontal electrodes 

(Figure 13). In contrast /ti/ showed a trend of contralateral N1 amplitude decrement overtime 

compared to baseline for frontal locations For /ti/, changes were more evident for ipsilateral 

(left) hemisphere responses with smaller responses over time. As was the case at baseline /ti/ 
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had the highest % ACHD, reaching the largest values at 15 months for both locations 

(central; 50% and frontal; 76.9%). (Figure 14) 

Aided conditions 

As seen in Figure 9, use of the BiCROS system was associated with improved speech 

recognition scores, mainly for MI and SNF conditions (2.3 and 3.9 dB SNR respectively) 

compared to baseline scores. Both hearing devices increased localisation errors, however 

worst performance was observed for the BiCROS system (56.8 RMS versus 22.5 RMS for 

BAHD).    

The BiCROS system was perceived by the participant as providing benefit, improving 

speech recognition and decreasing listening effort (benefit ratings of 2.3 to 5 and 4 to 5 

points, respectively). AN reported less effort and need for concentration when using the 

device. The BAHD was not perceived as beneficial (benefit ratings of zero, indicating no 

change), but did not have any perceived negative effects. 

 

Discussion  
 

AN experienced significant listening difficulties after losing hearing in his right ear, 

and these difficulties were accompanied by changes in his cortical responses. Tremblay et al. 

(2003) reported good test-retest reliability for CAEPs for group and individual responses. 

Easwar et al. (2012) also reported high reliability of CAEPs elicited by natural speech stimuli 

(/∫/) for normal hearing individuals, however CAEPs were measured over a shorter time 

period (seven days) than in the current study. As CAEPs are expected to have good test-retest 

stability in adult listeners, it is difficult to explain the changes in AN’s CAEP recordings over 

time as simply due to intra-subject variability. 

 



 

129  

Changes in cortical activity after the onset of UHL have been reported in the literature 

whereby the contralateral hemisphere dominance appears to be disrupted (resulting in 

ipsilateral dominance or symmetrical responses between hemispheres) (Fujiki et al., 1998; 

Po‐Hung Li et al., 2003; Ponton et al., 2001). These changes presumably result from 

functional and/or anatomical changes within the central auditory system. Changes occurring 

within first six months after onset of hearing loss suggest functional mechanisms such as 

unmasking through disinhibition and/or gain of existing synapses (Maslin et al, 2013; 

McAlpine et al, 1997; Wall et al, 2002).  In the present case differences in the asymmetry 

pattern, compared to normal hearing controls, were already evident at baseline for some of 

the speech sounds and locations. This finding has been reported previously in the literature as 

increased ipsilateral hemisphere activity for the healthy ear (Li et al., 2006; Morita et al., 

2007; Vasama et al., 1995; Vasama & Mäkelä, 1995). This phenomenon could be associated 

with reduction of inhibition from the deafened ear, resulting in hyper-excitability of the 

ipsilateral cortex.  

Cortical responses showed a differential response to auditory deprivation across 

stimuli. For example, /ti/ response asymmetry appeared not be affected at baseline and over 

time. This may be because there was already high frequency hearing loss in both ears at 

baseline (although this was only mild in the better, left ear). Previous studies examining 

changes in cortical responses over time in unilaterally-deafened adults have typically used 

tonal stimuli (Maslin et al., 2013b; Vasama et al., 1994; Vasama & Mäkelä, 1997) and tested 

the good ear using earphones rather than a loudspeaker. Baseline responses in the current 

case will reflect responses from both ears, but are dominated by the better hearing left ear. 

Over time the N1 contralateral dominance for /ti/ strengthened. Maslin et al. (2013b) 

investigated a group of SSD cases also deafened by surgical removal of an acoustic neuroma 

(N=9) and found increased cortical responses over time (after surgery) suggesting the 
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triggering of several functional and/or anatomical changes within the auditory pathways such 

as new sources or greater activity resulting from disinhibition after at the abrupt onset of a 

SSD.   

Fifteen months after the onset of the SSD contralateral dominance was evident for all 

stimuli, but this was not the case at baseline. The contralateral amplitude dominance pattern 

changed over time post-surgery mainly for /di/. At 12 months only /gi/ responses at frontal 

locations showed stronger ipsilateral activity. Changes over time were generally non-linear. 

Consistent with this, previous studies have reported a decrease of overall cortical activity 

right after the onset of the deafness,  recovering later with even larger responses than at 

baseline suggesting increased cortical activity in a longer term period (Bilecen et al., 2000; 

Vasama et al., 1995). Purdy and Kelly (2016) found evidence for nonlinear N1 changes and 

altered P2 cortical asymmetry over a 9-month period after adults with bilateral profound 

deafness received a single cochlear implant. The time at which people are assessed following 

deafness may account for differences in findings across studies.  

The relationship between stimulus frequency content and hearing loss configuration 

may also be important. Dietrich et al. (2001) examined eight patients with steep high 

frequency cochlear hearing loss. They measured cortical responses from the normal hearing 

frequency region adjacent to the hearing loss and “lesion-edge” responses using 

magnetoencephalography. Cortical strength measurements were variable over time after the 

onset of hearing loss mainly for ‘lesion-edge’ frequencies, for instance for one participant’s 

responses were larger at the first assessment and then smaller at the third and became larger 

again at the fourth assessment, indicating non-linear changes in cortical reorganization over 

time. CAEP changes observed in the current case study support the suggestion that auditory 

plasticity processes occurring after the onset of a profound hearing loss are initially reactive 

in response to the loss and then adaptive to the new monaural condition (Tremblay & Moore, 
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2012). The clinical implication of these dynamic changes after the abrupt onset of UHL is 

that the audiological management regimes need to consider the possibility of dynamic and 

nonlinear changes when evaluating the impact of amplification on auditory abilities. Closer 

follow up is likely to be necessary at least during the first year after the onset of the SSD.    

CAEP measures in the current study 15 months after the onset of SSD were made 

after two months of hearing device trials which could have affected the unaided CAEPs 

recorded at the end of the study. There are multiple reports in the literature of CAEPs being 

used to study neural changes within the auditory cortex due to deprivation and stimulation 

using technology such as cochlear implants or hearing aids (Koravand, Jutras, & Lassonde, 

2012; Korczak, Kurtzberg, & Stapells, 2005; Maslin et al., 2013b; Ponton et al., 1996; A. 

Sharma et al., 2002; Tremblay et al., 2001; Tremblay & Kraus, 2002). With auditory 

stimulation P1 latencies reduce in children (A. Sharma et al., 2002) and N1 and P2 

amplitudes are enhanced in adults (Pantev, Dinnesen, Ross, Wollbrink, & Knief, 2006; S. 

Purdy & Kelly, 2016; Sandmann et al., 2015).   

The perceptual consequences of changes in the normal hemispheric dominance 

pattern are not well understood. Maslin et al. (2015) reported smaller intensity discrimination 

thresholds in the good ear of 11 SSD cases, consistent with reorganisation of the central 

auditory system. Bellis et al. (2000) reported that a more symmetric hemispheric pattern of 

CAEP amplitudes in her research participants may be associated with difficulties recognizing 

fast temporal changes of speech, however did not measure this directly. Mishra et al. (2015) 

observed that temporal resolution measured by gap detection thresholds (between-channels 

gap detection) for the good ear in a group of listeners with long-standing UHL was poorer 

than gap detection in normal hearing listeners. Deficits in temporal resolution associated with 

central reorganisation after onset of UHL could contribute to poorer speech in noise 
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recognition found in people with UHL even when the signal is directed to the good ear (Bess 

& Tharpe, 1984).  

Binaural cues are essential for a wide range of tasks involving speech recognition and 

sound localisation (Plack, Culling, & Akeroyd, 2010). UHL restricts access to the benefits of 

binaural hearing. Previous studies have shown speech in noise recognition is markedly 

affected by a UHL even in more favourable conditions (Bess et al., 1986). These effects were 

evident in the current case study after the onset of a profound hearing loss and poor 

performance was maintained over time. As soon as the onset of the SSD occurred, sound 

localisation deteriorated from no errors before surgery reaching 21.9 RMS errors at 2 months 

post-surgery. The high number of errors is consistent with previous reports that the ability to 

localize sound decreases as degree of hearing loss increases (Humes et al., 1980; Noble et al., 

1994).   

Although correlation analysis was not possible in the current case study, self-

perception of greater hearing difficulties appeared to be associated with decreased speech 

perception and localisation performance. Speech and Spatial subscales showed poorer scores 

than the norm before the surgery when AN had a moderate high frequency hearing loss and 

hence these scales were sensitive to the small amount of UHL present pre-surgically. 

Responses to several SSQ scales such as Segregation, Qualities and Naturalness, and 

Listening effort dropped markedly after the onset of the SSD. The major change (poorest 

scores) after the onset of SSD was in the effort needed to listen and concentrate on a sound. 

Increased listening effort has been reported for adults with bilateral hearing loss (Hicks & 

Tharpe, 2002; Hornsby et al., 2014) and in cases of SSD after acoustic neuroma removal 

(Douglas et al., 2007; Feuerstein, 1992). The perception of higher listening effort indicates 

increased cognitive load for recognizing speech, leaving fewer resources for other tasks 

(Lunner, Rudner, & Rönnberg, 2009). Participant AN works in an acoustically challenging 



 

133  

environment and has to conduct meetings in noisy places. He reported being quite tired and 

frustrated at the end of each meeting as he was not able to understand and follow 

conversations properly. Thus, contrary to common beliefs, people with UHL can present with 

major listening challenges despite having one good ear.        

In the aided condition, the BiCROS system provided more benefit for speech 

perception for sentences and words (lower SNR and higher %) than the softband BAHD 

when speech was directed to the poorer ear and also when speech and noise were in the same 

location. This type of benefit has been reported previously for CROS and BAHD for people 

with SSD (Arndt et al., 2011; Hol, Snik, Mylanus, & Cremers, 2005). Finbow et al. (2015) 

reported similar performance for wireless CROS and BAHD in reducing the head shadow 

effect and improving speech in noise recognition. However, both devices resulted in limited 

benefit when noise was directed to the poorer ear, similar to previous studies (Hol, Kunst, 

Snik, & Cremers, 2010; Hol et al., 2005). Table 9 summarizes studies in which CROS and 

BAHD systems are compared. Sound localisation does not differ between devices. A factor 

presumably contributing to AN’s perception of improvement of sound localisation despite his 

poorer test results is that in daily life people are able to improve their sound localisation by 

moving their head (Thurlow & Runge, 1967); head movements are not allowed during sound 

localisation testing.  

One concern about CROS fittings is that the occlusion effect in the normal ear if an 

occluding ear mold is used may restrict access to important acoustic cues (Baguley, Bird, 

Humphriss, & Prevost, 2006). Studies of adults with bilateral hearing aids have reported that 

sound localisation is affected by ear mold venting, microphone settings, and compression 

(Keidser et al., 2006; Van den Bogaert, Klasen, Moonen, Van Deun, & Wouters, 2006), 

however, these factors have not been studied systematically in UHL.  In the current case 

study the BiCROS system was fitted with a thin tube with an open dome, preserving access to 
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cues in the good ear. Newer technology has adaptive directional microphones and digital 

noise reduction which could potentially improve performance with either CROS or bone 

anchored systems.   

 
Table 9. Summary of outcomes from studies comparing contralateral routing of signals systems 
(CROSS) and bone anchored hearing device (BHAD) 

 
* Self-perception measured by Quality of life (QoL), means of the Health Utilities Index 3 (HUI-3) 
** Self-perception measured by Abbreviated Profile of Hearing Aid Benefit (APHAB) 
*** Self-perception measured by Bern Benefit in Single-Sided Deafness Questionnaire (BBSS)  
 
++ Benefit / + Less benefit / - limited or no benefit / = similar results or no significant improvement / 
NT not tested 
 

The BiCROS device gave the most benefit in the current case, with AN’s behavioural 

scores supporting the benefit he perceived especially for speech recognition and decrease of 

listening effort. AN perceived a major decrease in concentration needed and fatigue 

especially at work and an improvement in his speech recognition abilities with the BiCROS 

compared to BAHD. One reason for limited benefit from the BAHD in the current study 

could be use of a softband, which results in skin damping attenuating high frequencies which 

could affect speech recognition scores. When the BAHD is implanted it is possible to obtain a 

difference of up to 40% in speech scores compared to a headband or test band (Zarowski, 

Verstraeten, Somers, Riff, & Offeciers, 2011).  

Study Speech in noise Sound   
localisation 

Self-perception 

 CROSS BAHD CROSS BAHD CROSS BAHD 
       
Arndt et al, (2011)* ++ + = = ++ + 
Hol et al, (2005)** + ++ = = + ++ 
Hol et al, (2010)** ++ + = = ++ + 
Lin et al, (2006)**  + ++ = = - ++ 
Wazen et al, (2003)** + ++ NT + ++ 
Finbow et al, (2015)*** - - NT = = 
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Sound localisation was not improved with either device when AN was tested in the 

lab, however, anecdotally he reported spatial benefit with the BiCROS device.  Although the 

BiCROS device used in this case was not wireless, AN preferred the BiCROS system over 

the BAHD.  

 

Summary 
 

1. Changes within the central auditory system measured using CAEPs occurred over a year after 

the onset of SSD, but were not evident for all stimuli and electrode locations, 

2. Speech perception and sound localisation abilities were markedly affected by a SSD, 

3. Self-perception of difficulties showed compromised abilities in Speech, Spatial and Qualities 

of the sound domains, with the largest perceived effect of SSD for segregation of the sound 

and listening effort,   

4. The BiCROS  produced benefits for speech in noise recognition and reduced listening effort, 

5. Sound localisation did not show any improvement with either hearing device use, but AN 

reported improved sound localisation with BiCROS device in everyday life.  
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CHAPTER 7: Effects of unilateral hearing loss on cortical 

auditory function and listening abilities in children 
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Introduction  
 

Binaural hearing allows us to undertake a wide range of listening tasks especially in 

acoustically disadvantageous situations such as speech recognition and sound localisation in 

crowded places (Grantham, 1995). Children with unilateral hearing loss (UHL) experience 

diverse difficulties on a range of tasks where binaural hearing is needed, such as spatial 

speech recognition in noise (Bess et al., 1986; Porter, 2011) and sound localisation (Humes et 

al., 1980; Newton, 1983). Reports of sound localisation in children and adults with UHL 

show variability, with performance ranging from no difficulties to very poor performance. 

Factors such as time of onset, degree and aetiology of the hearing loss potentially contribute 

to this variability (Newton, 1983; Slattery & Middlebrooks, 1994; Wilmington et al., 1994). 

The variable impact of UHL reported in the literature may be one factor contributing to 

inconsistent clinical management of the condition. Anecdotally it appears that the effects of 

UHL are generally underestimated and guidelines for the management of UHL are not widely 

accepted (American Academy of Audiology, 2013; Bagatto, Scollie, Hyde, & Seewald, 2010; 

Busa et al., 2007; A. King, 2010).  

Speech in noise recognition is a particularly important topic for children as even those 

with bilaterally normal hearing need a better signal to noise ratio (SNR) than adults to 

perform at adult-equivalent speech recognition levels (Fallon, Trehub, & Schneider, 2000). 

The ability to recognise speech in degraded conditions such as noise depends on 

chronological age. Children do not reach adult performance before adolescence (L. Elliott, 

1979; Meng, Zheng, Wang, & Li, 2013), consistent with physiological evidence for the 

maturational process within the auditory system (Ponton et al., 2000). Children with UHL 

who lack a binaural advantage are likely to present with problems recognising speech in noise 

in classroom settings which are typically noisy, resulting in a poor SNR when the child is 

listening to the teacher’s voice (Mealings et al., 2015; Mealings, Demuth, Buchholz, & 
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Dillon, 2015a; Mealings, Demuth, Buchholz, & Dillon, 2015b; Mealings, Buchholz, Demuth, 

& Dillon, 2015). Children with any degree or type of hearing loss including UHL are likely to 

experience difficulties and require more listening effort in classrooms where the SNR can be 

as unfavourable as -7 dB to +5 dB (Hicks & Tharpe, 2002). These acoustic conditions are 

quite challenging even for children with normal hearing, thus is expected that performance of 

children with hearing loss in the classroom will be lower than their peers with normal hearing 

affecting their learning, especially for younger children who may not have developed any 

compensatory strategies to overcome difficulties such as poor sound localisation. 

One area that is of growing interest in hearing research is the impact of cognition and 

listening effort on speech recognition in difficult listening situations. Listening effort has 

been defined as the attentional requirements necessary to understand speech (Feuerstein, 

1992; Hicks & Tharpe, 2002). More recently a broad definition considers listening effort to 

be the mental exertion needed to attend to and understand an “auditory message” 

(McGarrigle et al., 2014). Hicks and Tharpe (2002) used a dual-task paradigm in children 

with bilateral mild to moderate or high frequency hearing loss and found an increase in 

listening effort (longer reaction times) when the children were listening to Phonetically 

Balanced Kindergarten words in 20-talker background noise even for favourable SNRs that 

normally are not found in classrooms. Information about listening effort in UHL is limited to 

anecdotal subjective reports or studies of simulated conductive UHL (Bess et al., 1986; 

Colletti et al., 1988; Feuerstein, 1992). Anecdotally, parents report that children with UHL 

require greater effort to concentrate and get fatigued more easily than binaural listeners.   

Central auditory plasticity has been reported extensively in the literature associated 

with auditory deprivation, resulting in changes in the cortical representation of sound (Reale, 

Brugge, & Chan, 1987), in frequency tuning (Seidl & Grothe, 2005) and in cortical frequency 

map reorganization (Robertson & Irvine, 1989). Cross-modal reorganization in response to 



 

139  

deprivation has been reported in animal and human models in the presence of blindness or 

hearing loss, with recruitment of neurons in auditory regions by the remaining sensory 

modalities (J. Campbell, Sharma, & Biagini, 2014; Collignon, Lassonde, Lepore, Bastien, & 

Veraart, 2007; Finney et al., 2001). Changes in central auditory organisation differ with 

unilateral versus bilateral deprivation. In normal hearing individuals monaural stimulation 

produces larger activation of the hemisphere contralateral to the stimulated ear; this 

phenomenon is commonly is known as contralateral dominance or asymmetry (Burton et al., 

2012; Schonwiesner, Krumbholz, Rubsamen, Fink, & von Cramon, 2007). When sensory 

deprivation is in just one ear, there is an input imbalance within the auditory system that may 

trigger several changes, including a lack of normal contralateral dominance.  

Several studies have tried to describe the mechanisms for central auditory changes 

that occur as a result of UHL (Bilecen et al., 2000; Hanss et al., 2009; Hine et al., 2008; 

Maslin et al., 2013b; Morita et al., 2007; Scheffler et al., 1998). These authors propose that 

central auditory changes are a consequence of the lack of balance between inhibitory and 

excitatory activity (i.e. loss of inhibitory effect from the deafened ear) which may trigger 

several functional and/or anatomical changes within the auditory system in response of the 

loss of binaural input. The perceptual consequences of changes within the central auditory 

system are not well understood, however recent studies are giving important evidence about 

how changes in the brain may affect some auditory abilities such as temporal processing. For 

example, adults with UHL adults poorer ability to detect gaps in noise (Mishra et al., 2015) 

and smaller intensity discrimination thresholds (Maslin et al., 2015) in the good ear.  

 Cortical auditory evoked potentials (CAEPs) recorded in adults with UHL show a 

symmetric and synchronic hemisphere activation (Ponton et al., 2001), with symmetric 

hemispheric activity for left ear hearing loss or an increase in activity in the ipsilateral 

hemisphere for left ear hearing loss with right ear presentation (Hanss et al., 2009; Khosla et 
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al., 2003). Other studies have failed to report the same findings and instead have shown no 

changes in the hemispheric contralateral dominance that is typically seen in adults with 

bilaterally normal hearing (Hine et al., 2008; Vasama et al., 2001). Thus, inconsistent results 

have been reported when CAEPs have been used to investigate the impact of UHL in adults, 

probably due to differences in participants and methodologies across studies (Hanss et al., 

2009; Hine et al., 2008; Khosla et al., 2003; Ponton et al., 2001). Cañete et al. (under review, 

Chapter 5 in this thesis) found that CAEPs in UHL adults differ from those of normal hearing 

controls, with right ear UHL associated with a loss of contralateral dominance. Limited 

information is available about the effects of UHL on cortical responses in children 

(Schmithorst et al., 2005; Vasama et al., 1994; Vasama & Mäkelä, 1997). 

There is a paucity of evidence for the impact of UHL on both auditory performance 

and electrophysiological findings in children. The aim of this study was to explore CAEPs 

and behavioural performance in a group of children with UHL in order to increase our 

knowledge about the auditory cortical changes and behavioural measures of auditory function 

and to determine functional consequences of this condition for children. 

 

Methods 

Participants 

Fifteen children (10 males, 5 females) aged 4 to 13 years (mean 9.7, SD 3.5) formed 

the UHL group. These participants were age matched to typically developing normal hearing 

children (mean age 9.5, SD 3.6 years) (see demographic details in Table 10). Participants 

with UHL had left sided (n=8) or right sided hearing loss (n=7); 13 children presented with a 

congenital conductive hearing loss, two had congenital sensorineural hearing loss (SNHL), 

and one had acquired mixed hearing loss. Six of the children (aural atresia group) had a 
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second language mainly spoken in home (i.e., Māori, Tongan, Niuean and Russian); all 

testing was conducted in English.  

Participants with UHL had hearing levels in their better ear (0.5, 1.0, 2.0, 4.0 kHz 

pure tone average, 4PTA) ≤ 20 dB HL and ≥ 25 dB HL in their affected ear. There were no 

significant differences in hearing thresholds between right (mean 75.8 dB HL, SD 21.9) and 

left (mean 70.9 dB HL, SD 20.3) ear hearing losses within the UHL group (U=22.00, p=.486, 

r =-.18). Control participants had pure tone thresholds better than 20 dB HL at in both ears. 

Figure 16 shows mean pure-tone average and 95% confidence intervals for pure tone 

thresholds for the UHL and control groups.  

Six of the participants in the UHL group reported some prior, inconsistent, experience 

with the BAHA™ (n=4) and a bone conduction hearing aid on a soft band (n=2), mainly for 

classroom use. None were users of remote microphone hearing aids at the time of assessment. 

All assessments were performed without hearing instruments. The study was approved by the 

University of Auckland Human Participants Ethics. (See Appendices)  
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Table 10. Demographic information for participants with unilateral hearing loss 

HL: Hearing loss, SN: Sensorineural, CHL: Conductive hearing loss, MHL: Mixed hearing loss 

 

 

Participant Age 
(years) 

M/F  Hearing 
loss 

Degree Aetiology Ear 

       
UHL1 13 M CHL  Moderate Aural atresia  Left 
UHL2 7 M SNHL Sev-Profound Congenital Right 
UHL3 15 M MHL  Profound Otomastoiditis Left 
UHL4 7 F CHL  Moderate Aural atresia Right 
UHL5 8 M CHL  Moderate Aural atresia Left 
UHL6 7 M CHL  Moderate Aural Atresia Right 
UHL7 15 M CHL  Moderate Aural Atresia Left 
UHL8 10 F CHL  Moderate Aural Atresia Right 
UHL9 9 M CHL  Moderate Aural Atresia Left 
UHL10 8 F CHL  Mod-Severe Aural Atresia Left 
UHL11 13 M CHL  Moderate Aural Atresia Left 
UHL12 8 M CHL  Moderate Aural Atresia Left 
UHL13 4 F SNHL Profound Congenital Right 
UHL14 14 M CHL  Mod-Severe Aural Atresia Right 
UHL15 7 F CHL  Moderate Aural Atresia Right 
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Figure 16. Mean hearing thresholds for the UHL group (N=15), for right and left hearing loss (left column) and the normal hearing ear (right column). Mean 
thresholds for normal hearing controls are shown as a dotted line. Red=right ear, blue=left ear. Error bars represent plus/minus one standard deviation for the 
means. 
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Procedures 
 

 The behavioural assessment protocol is described in Chapter 4. The Speech, Spatial and 

Qualities of Hearing Scale (SSQ) (children aged 13 years and older) and the Listening 

Inventories for Education, NZ short version (LIFE-7 NZ) (children aged 7 to 10 years) 

questionnaires were completed onsite (prior the testing) by the child in an interview format. 

For the SSQ parent version, instructions were provided by the researcher to the parents, and 

the completed questionnaire was posted by mail after 3 weeks of observation of the child by 

the parent. The researcher contacted the parent by phone if necessary to remind them to 

complete the questionnaire. Parents completed the Auditory Behaviour in Everyday Life 

(ABEL) questionnaire (S. C. Purdy et al., 2002) onsite prior to the assessment for the young 

children (3 to 4 years). Testing was conducted in the University clinic in the following order: 

pure-tone audiogram, tympanometry, CAEPs, sound localisation and speech in noise 

recognition testing. Testing was completed in one session lasting from 2 to 3 hours for each 

child (typically 2:30 hours in duration). Children were given one or more breaks when 

needed. 

Statistical analysis of behavioural and cortical data  

The Shapiro-Wilk test of normality was applied to all data and nonparametric tests 

were used to compare groups and conditions when assumptions of normality were not met. 

Between-group comparisons of UHL versus control group participants were conducted using 

independent t-tests or Mann-Whitney U tests. Within-group comparisons (stimulus and 

electrode effects) were made used paired t-tests, Wilcoxon matched pairs tests, and repeated 

measures analysis of variance (ANOVA) for electrode, stimuli and ear variables Age was 

included as a covariate in the repeated measures ANOVA. A p value <.05 was considered 

statistically significant. The Greenhouse-Geisser correction was applied to the repeated 
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measures ANOVA when Mauchly's test indicated that the assumption of sphericity had been 

violated. IBM SPSS statistics 21.0 version was used. For the cortical response recordings P1 

and N250 latencies and amplitudes were analysed. P1 was identified as the first positive 

waveform in the time window 50-150 ms and N250 was identified as the second, dominant, 

negative peak in the latency region 250-350 ms. P1 and N250 peak picking was confirmed by 

two observers. 

 

Results  

Sound Localisation 

Fourteen children completed the task for the UHL group (a 4 year old participant was 

not able to do the task) and fourteen children completed the task for the control group (a 5 

year old child from the control group was not tested). UHL group performance differed 

significantly from the controls. Mean RMS errors were higher, indicating that the children 

with UHL (mean 24.2, SD 15.8) found it more difficult to localise sound in the horizontal 

plane than the normal hearing controls (mean 0.5, SD 2.0), U=7.500, p<.001, r=-1.17, N=14.   

Sound Localisation: age effects & atresia 

To investigate the effect of age on localisation performance, participants within each 

group were allocated to two subgroups of younger children aged 4-9 years and older children 

aged 10 to 16 years. There was no significant difference in four-frequency pure tone average 

hearing levels between older (M= 74.17, SD 22.8) and younger (M=66.71, SD 10.6) UHL 

participants (U=20.500, p=.650, r=-.12). As seen in Table 11 we found no evidence that 

sound localisation performance was affected by age in our sample. This could reflect a lack 

of statistical power due to the small numbers in each age group. Within the UHL group, 

children who had aural atresia were also analysed as a separate group.  
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Sound Localisation: hearing loss ear & severity of hearing loss 

 Localisation errors were examined for children in the UHL group to see whether 

hearing loss ear was associated with a difference in performance. Errors were normally 

distributed within the UHL group and hence an independent t test was performed. Although a 

right ear hearing loss was associated with higher errors on average than a left ear hearing 

loss, this difference was not significant (t(12)=1.650, p=.123, d=.89). Figure 17 clearly shows 

that there was high variability in performance within both groups but inter-subject variability 

was particularly high for participants with right ear UHL.  

An independent-samples t-test comparing RMS errors as function of severity of 

hearing loss (Table 12) showed that, although a greater degree of hearing loss was associated 

with poorer sound localisation performance on average, the difference was not significant in 

this sample, t(12)=-1.758, p=.104, d=.89. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Participants’ sound localisation results (N=14) as function of hearing loss ear for the 
UHL group. The dotted line represents perfect sound localisation (no errors). Bars represents 
95% confidence intervals for the means. Control participants had very few errors on this task 
(0.52 degrees on average). RMS = Root-mean-squared errors for right (RE) and left (LE) ears 
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Table 11. Mean sound localisation errors (RMS) for older (10-16 years) and younger (4-9 years) 
children in the normal hearing (NH) and unilateral hearing loss (UHL) groups. Results are also shown 
separately for the 12 participants in the UHL group who had aural atresia.  

 

 

 

 

 

 

 

Table 12. RMS Mean errors (SD) and range of errors as function of severity of UHL and side of 
hearing loss 

      Severity of hearing loss     Side of hearing loss 
 <65 dB HL               ≥65 dB HL Right ear         Left ear 
n 5         9  6 8 
      
mean (SD) 14.9 (12.9) 29.3 (15.4)  31.8  (17.7) 18.5 (12.3) 
      
min-max 0.0 - 28.8 7.3 -  56.2  7.3 - 56.2 0.0 - 33.4 
      

 

Speech Recognition in Noise  

 Children with UHL performed significantly more poorly than controls on both speech 

in noise tasks (Table 13). Speech recognition scores for CNC words were lower just when the 

speech was directed to the poorer ear and the noise to the better ear (monaural indirect, MI, 

condition) (t(28)=-12.355, p<.001, d=-4.5). No differences in performance between UHL and 

control groups were found for speech directed to the good ear (t(28)=-.050, p=.0961, 

d=-.018). Children with UHL required significantly higher SNRs than controls for all 

conditions for the BKB/A sentences (MI t(26)=14.643, p<.001; MD t(26)=3.770, p=.001; 

SNF t(26)=14.643, p=.019). 

 

 

Group  Age group (years) 

 Overall localisation 
Errors 

4-9  10-16  Age effect  

     
NH (n=14) 0.5 (1.9) 0.9 (0.0) 0.0 (0.0) p=.386 
     
UHL (n=14) 24.2 (15.8) 25.8 (15.9) 22.0 (16.7) p=.674 
     
Atresia (n=12)  21.2 (13.8) 21.5 (11.0) 20.9 (18.5) p=.944 
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Speech Recognition in Noise: age effects & aural atresia 

 As auditory abilities are age dependent children were allocated into two groups of 

younger (4-9 years) and older (10-16 years) children to investigate age effects (UHL and 

normal hearing children).  

A Mann-Whitney U test showed no significant difference in average hearing levels 

between younger and older children in the UHL group (PTA4=72.6, SD 6.7 younger vs. 74.1, 

SD 9.3 older) U=26.00, p=.906. Children with aural atresia were also analysed separately 

(n=12). An independent-samples t-test indicated no significant differences in hearing 

thresholds between age groups for the atresia subgroup (PTA4=63.9, SD 2.6 and 65.0, SD 2.0 

for younger and older groups respectively); t(10)=-.302, p=.768.  

Although hearing thresholds did not differ, independent-samples t-tests showed 

differences in speech recognition scores across age groups. As seen in Table 13  younger 

children with normal hearing had significantly poorer speech perception than older children 

for CNC words and BKB/A sentences for monaural indirect/direct conditions. No age 

difference was observed when BKB/A sentences and noise were located in the front (SNF 

condition). In contrast to the control group, younger and older children with UHL did not 

differ in their speech perception performance. This was also generally the case for the 

subgroup of children with UHL due to atresia. The exception to this that younger children 

with aural atresia had lower scores when CNC words were directed to the bad ear (monaural 

indirection condition) compared to older children with atresia. A similar trend was seen in the 

data for the total UHL group for the CNC words MI condition. In general CNC word scores 

were more sensitive to age effects across all groups than BKB/A sentences. 
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Table 13. Mean (SD) of the speech recognition (CNC words, BKB/A sentences) for normal hearing and UHL groups for younger and older subgroups of 
children.  

    CNC (%)   BKB/A  (SNR dB) 
  Age group (years) n Monaural direct  Monaural indirect  N Monaural 

direct 
 Monaural 

indirect 
 SNF 

              
NH   4-9 10 92.4 (2.5)  9 0.2 (1.3)  7.5 (0.8) 
              
  10-16 5 96.6 (2.1)  5 -2.0 (1.0)  6.9 (2.0) 
          
  Sig*  p=.013   p=.005  p=.508 
          
Group overall scores    93.8 (3.1)   -0.5 (1.6)  7.3 (1.3) 
          
UHL  4-9 9 93.8 (4.4)  40.8 (14.6)  8 2.7 (2.2)  13.8 (3.9)  9.4 (2.1) 
              
  10-16 6 94.3 (3.8)  52.0 (11.9)  6 2.0 (4.0)  13.6 (1.5)  8.6 (2.8) 
              
  Sig  p=.663  p=.164   p=.421  p=.946  p=.939 
              
Group overall scores    93.7 (4.1)  45.3 (14.8)   2.7 (2.8)  13.7 (3.2)  9.2 (2.3) 
              
Atresia  4-9 7 94.8 (3.6)  36.8 (13.4)  7 2.9 (1.4)  14.8 (3.1)  9.8 (2.1) 
              
  10-16 5 93.6 (3.8)  54.4 (11.6)  5 2.7 (4.0)  13.5 (1.7)  9.0 (2.9) 
              
  Sig  p=.576  p=.041   p=.896  p=.411  p=.577 
              
Group overall scores    94.3 (3.6)  44.1 (15.1)   2.8 (2.6)  14.3 2.6)  9.5 (2.4) 
              

*p values for independent t-tests used to compare results across age groups



150 
 

Speech Recognition in Noise: hearing loss ear & severity of hearing loss 

 There were no significant differences between right and left hearing loss speech 

perception results for any condition, with one exception. When BKB/A sentences were 

directed to the good ear, children with left ear hearing loss (right ear tested) showed better 

performance (i.e. lower SNR) than children with right ear hearing loss (left ear tested) Table 

14. Independent-samples t-tests revealed no significant differences in speech scores as a 

function of severity of hearing loss (PTA4) for words (U=22.000, p=.486, N=15) and 

sentences (U=21.500, p=.746, N=14). 

 

Table 14. Speech recognition mean scores and standard deviations for each condition assessed as a 
function of hearing loss ear and severity of hearing loss 

 CNC (%) (n=15)  BKB/A  (SNR dB) (n=14) 
 Monaural 

direct 
 Monaural 

indirect 
 Monaural 

Direct 
 Monaural 

indirect 
 SNF 

Control  93.8 (3.1)  -0.5 (1.6)  7.3 (1.3) 
          
UHL 93.7 (4.1)  45.3 (14.8)  2.7 (2.8)  13.7 (4.1)  9.2 (2.3) 
          
Ear*          
          

Right (n=7) 92.2 (4.5)  51.1 (13.6)  4.7 (2.2)  12.2 (3.3)  10.1 (1.3) 
          

Left (n=8) 95.0 (3.5)  40.2 (14.8)   1.2 (2.3)  14.8 (2.9)  8.6 (2.8) 
          

Sig p=.216  p=.164  p=.017  p=.158  p=.257 
          
Degree**          
          

Mild-Mod 
(n=5) 

95.2 (3.6)  45.2 (15.9)  1.9 (2.5)  14.5 (3.4)  9.0 (2.8) 

Sev-Prof 
(n=10) 

93.0 (4.3)  45.4 (15.1)   3.2 (3.0)  13.3 (3.2)  9.4 (2.2) 

          
sig p=.350  p=.981  p=.445  p=.522  p=.768 

          
SNF: Speech and noise front  
* n=6; for right ear for BKB/A 
** n=9; Sev-Prof / n=5; Mild-mod for BKB/A 
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Self-report questionnaires  

Listening Inventories for Education (LIFE), NZ short version   

 Nine children in the UHL aged 7-10 years completed the LIFE-7 NZ questionnaire 

(Figure 18). Older children completed the SSQ rather than the LIFE. Children with UHL had 

scores outside the normal range for typically developed school children aged 7 to 12 years 

(Purdy, Smart, Baily, & Sharma, 2009)  across all scales (Listening in noise; U=221.0, 

p=.043, r=-.21, listening in quiet; U=249.0, p=.046, r=-.20, focused listening; U=191.5, 

p=.01, r=-.25 and overall; U=214.50, p=.036, r=-.21). Hence the children with UHL 

perceived greater difficulties across different school situations than their normal hearing 

peers. The Listening in noise items produced the highest score (greatest difficulty) (M=2.59, 

SD 0.68) followed by Focused listening (M=2.33, SD 0.94).  

 
Figure 18. Listening Inventories for Education (LIFE-7 NZ) subscale and overall scores for a normal 
hearing group (full bars) (N=83) and the UHL (open bars) (n=9 participants with UHL aged 7 to 10 
years). Error bars represent 95% confidence intervals for the means. Higher scores indicate more 
difficulty. 
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Speech, Spatial and Qualities of Hearing Scale (SSQ); parent & child versions  

 The SSQ parent version was completed by 10 parents; five children aged 13 years+ 

completed the child version (Table 15). Lower scores indicate more difficulty. The two 

versions contain different numbers of items (children 33 items, parent 23 items), however 

scores for the children version were calculated using the 23 items included in the parent 

version so that scores could be compared. In general, spatial ratings differed most between 

UHL and control groups, with parents reporting more difficulties than children. Independent-

samples t-tests comparing overall and subscale scores between child (n=5) and parent (n=10) 

ratings showed no significant differences (Overall; t(13)=.449, p=.466; Speech t(13)=-.298, 

p=.770; Spatial t(13)=1.085, p=.298; Qualities; t(13)=.75, p=.466). 

Three participants’ results were compared with their parents’ perceptions (UHL1, 

UHL3 and UHL7). In two cases parents reported more difficulty than were perceived by the 

child (both had congenital hearing loss) and for the third case (UHL3) who had late onset of 

the hearing loss at the age of 13 year SSQ ratings were consistent between parent and child, 

perhaps as a result of the child having previous bilateral hearing experience and hence greater 

insight into their listening difficulties.  

 As the LIFE and SSQ self-report questionnaires were not appropriate for children 

below six years, for the functional listening assessment of the youngest child (UHL13), the 

parent completed the ABEL questionnaire. Lower scores indicate more difficulty, ABEL 

scores of UHL13 were compared to a group of typically developing children with no parental 

concerns (n=8 control children aged 4 to 6 years). As seen in Figure 19 UHL13’s parent 

reported poorer scores across all scales compared to age peers with normal hearing. The areas 

of auditory awareness and social/conversational skills had the lowest scores (2.9 and 2.8 

respectively).
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Table 15. Parent and child ratings for Speech, Spatial and Qualities of Hearing Scale (SSQ) questionnaire, for the SSQ items that are in both the parent and 
child versions of the questionnaire.  

Higher scores indicate no/less difficulty  

 

 

Child Age 
(years) 

Child report (n=5)  Parent report (n=10) 

     
  Overall Speech Spatial Qualities  Overall Speech Spatial Qualities 
           
UHL1 13 8.0 8.2 6.5 9.2  5.0 5.9 3.6 5.4 
UHL2 7      4.1 4.4 3.0 4.9 
UHL3 15 5.2 6.1 3.1 6.4  5.8 6.8 2.1 8.5 
UHL4 7          
UHL5 8      8.6 8.2 7.9 8.8 
UHL6 7      5.4 6.3 4.8 4.8 
UHL7 16 7.0 6.8 5.7 8.3  4.1 5.3 2.8 4.1 
UHL8 10          
UHL9 9      5.8 6.8 3.8 6.3 
UHL10 8      5.1 5.0 3.3 5.1 
UHL11 13 5.7 4.7 6.6 5.8      
UHL12 8      4.5 5.4 2.4 4.0 
UHL13 4          
UHL14 14 4.4 4.1 4.4 4.7      
UHL15 7      8.5 8.4 7.8 9.1 
           
Mean (SD)  6.0 (1.4) 6.0 (1.6) 5.3 (1.4) 6.9 (1.4)  5.7 (1.6) 6.2 (1.3) 4.1 (2.0) 6.1 (1.9) 
Median  (IQR)  5.7 

(7.5-4.8) 
6.1 

(7.5-4.4) 
5.7 

(6.5-3.8) 
6.4 

(8.8-5.2) 
 5.2 

(6.5-5.2) 
6.1 

(7.2-6.1) 
3.4 

(5.5-3.4) 
5.2 

(8.6-5.2) 
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Figure 19. Auditory Behaviour in Everyday Life (ABEL) scores for UHL-13 child and control 
children aged 4-6 years (n=8), open and full bars respectively. Error bars represent 95% confidence 
intervals for the mean. Higher scores indicate more difficulty. 

 

Cortical auditory evoked potentials: Normal hearing controls  

 CAEPs with characteristic morphology were elicited from children with normal 

hearing. CAEP testing was not performed on the youngest child in the control group. Three-

factor (ear [2] | stimuli [3] | electrodes [4]) repeated-measures ANOVAs were used to 

separately investigate P1 and N250 amplitudes and latencies. 

 

P1 amplitude 

Differences due to ear or age are not observed for P1 amplitude and there were no 

interaction effects. Analysis revealed stimuli and electrode main effect (F(2,24)=4.579, p=.021 

and F(3,36)=4.825, p=.006, respectively). As seen in  

Table 16, P1 amplitude varied across stimuli with largest responses to /ti/. Left 

hemisphere (C3-F3) and frontal (F4-F3) responses were larger than right hemisphere and 

central electrode locations respectively across stimuli. As an ear effect was not found, data 

for right and left ear values are collapsed in the Table 16.  
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N250 amplitude  

Differences due to ear or age are not observed for N250 amplitude and there were no 

interaction effects. Analysis revealed stimuli and electrode main effect (F(2,24)=3.468, p=.048 

and F(3,36)=10.815, p<.001, respectively). As seen previously with P1 response amplitude, 

N250 amplitude differed across stimuli with the largest response elicited by /di/ across 

electrodes locations. As seen in 

Table 16 frontal locations (F4-F3) showed larger N250 responses than central 

electrodes (C4-C3). As an ear effect was not found, data for right and left ear values are 

collapsed in the table 16. 

 

Table 16. P1 and N250 amplitude (SD) as function of stimuli and electrode (N=13) for the normal 
control group 

*composite values for right and left ear 

 

 

 

 

 

 

 

                                                                                                                                                                                                                                                                                                                                                                                         P1 amplitude (uV)*  N250 amplitude (uV)* 
Stimuli C4 F4 C3 F3  C4 F4 C3 F3 
          
/di/ 1.2 

(1.3) 
1.6 

(1.6) 
1.8 

(1.2) 
2.0 

(1.4) 
 -7.5 

(3.0) 
-10.5 

 ( 3.7) 
-7.9 

(3.4) 
-9.6 

(3.7) 
          
/gi/ 1.4 

(1.6) 
1.8 

(1.7) 
2.1 

(1.7) 
2.0 

(1.7) 
 -6.9 

(3.8) 
-8.9 

(3.8) 
-6.5 

(3.0) 
-8.2 

(2.9) 
          
/ti/ 1.9 

(1.8) 
2.4 

(2.1) 
2.4 

(1.6) 
2.8 

(1.4) 
 -7.1 

(3.2) 
-9.1 

(3.4) 
-6.6 

(4.1) 
-8.2 

(2.9) 
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P1 latency 

A significant ear*electrode*age interaction was observed for P1 latency (F(3,33)=3.483, 

p=.027), with the latency of responses depending on presentation ear and electrode location. 

On average P1 latency was shorter for right ear presentation and longer for the younger (4-9 

years) compared to the older age group (10-16 years) (Figure 20). Electrode location 

comparisons revealed that for the younger children, frontal electrodes (F4-F3) showed shorter 

latencies regardless of test ear, contrary to the older group where there was a trend for shorter 

latencies for central locations (C4-C3).  

 

Figure 20. P1 latency (ms) as function of age, presentation ear and electrode location for control 
group children with normal hearing aged 5 to 15 years (N=15). Left column; right ear presentation, 
right column; left ear presentation. Error bars represent standard errors of the means.  
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N250 latency 

For N250 latency, a main effect of test ear was obtained, with shorter latencies for left ear 

presentation (right ear M=301.2, SE 5.9 versus left ear M=299.5, SE 5.6 (F(1,11)=5.203, 

p=.043, n2=.05). As seen in Figure 21 there was an interaction between ear and electrode 

location with the hemisphere contralateral to the stimulated ear presenting with shorter 

latencies (F(3,33),=4.272, p=.012). Thus, C3-F3 electrodes had shorter latencies when the 

stimuli were presented to the right ear, and latencies were shorter for left ear presentation at 

C4-F4 locations.  

 

 

Figure 21. N250 latency (ms) as function of ear of presentation for control group children with 
normal hearing aged 7 to 15 years (n=13). A; right ear presentation, B; left ear presentation. Error bars 
represent standard errors of the means.  

 

Cortical auditory evoked potentials: Unilateral hearing loss group vs controls  

P1 and N250 amplitude 

 
 As seen in Table 17 the left hemisphere dominance (C3-F3) for cortical response 

amplitudes seen in the control group children was not seen in UHL, regardless the side of the 

hearing loss, across stimuli. For right ear UHL P1 amplitude was larger for right hemisphere 

recordings (left ear presentation), in contrast to left UHL which was associated with more 
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symmetric responses. Additionally, for left ear UHL P1 amplitude was smaller compared to 

right UHL at central and frontal locations across stimuli.  N250 in control group children was 

larger for frontal location across stimuli. For right ear UHL generally this pattern was 

preserved, however, to a lesser degree than for controls. For left ear UHL a difference 

between central and frontal electrodes was not evident (Table 17)  
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Table 17.P1 and N250 amplitude (SD) as function of stimuli and electrode for UHL and NH groups 

 

 

 

 

 

 

 

 

 

* N=7, left ear presentation / ** N=8, right ear presentation / ± N=13, ear composite values 

 

 

               
    P1 amplitude (uV)  N250 amplitude (uV)  
   C4 F4  C3 F3  C4 C3 F4  F3  
               
Right ear HL*               

 /di/  1.83 (3.0) 2.76 (3.4)  2.14 (3.0) 1.84 (2.4)  -8.37 (4.5) -6.69 (4.0) -10.33 (5.7)  -7.93 (4.1)  
               
 /gi/  2.27 (2.5) 3.90 (3.4)  1.51 (1.4) 1.69 (1.2)  -8.19 (3.7) -5.31 (2.7) -9.84 (4.3)  -6.26 (3.6)  
               
 /ti/  2.77 (2.3) 3.33 (2.0)  2.47 (2.2) 2.74 (1.6)  -5.89 (4.2) -6.26 (2.2) -7.51 (4.5)  -6.36 (3.7)  
               

Left ear HL**               
 /di/  0.96 (1.3) 1.74 (1.2)  0.98 (0.9) 1.50 (1.1)  -4.46 (2.9) -7.27 (2.7) -6.13 (3.4)  -8.10 (4.4)  
               
 /gi/  0.06 (0.6) 0.43 (1.1)  0.65 (1.1) 0.65 (0.7)  -4.40 (3.5) -6.00 (4.4) -5.61 (3.5)  -6.80 (3.8)  
               
 /ti/  0.32 (1.2) 0.69 (1.3)  0.66 (1.5) 1.29 (1.6)  -6.38 (3.6) -8.01 (4.1) -8.38 (3.2)  -9.19 (3.8)  
               

NH±               
               

 /di/  1.29 (1.3) 1.68 (1.6)  1.87 (1.2) 2.08 (1.4)  -7.54 (3.0) -7.91 (3.4) -10.52 (3.7)  -9.68 (3.7)  
               
 /gi/  1.46 (1.6) 1.85 (1.7)  2.15 (1.7) 2.03 (1.7)  -6.90 (3.8) -6.52 (3.0) -8.92 (3.8)  -8.23 (2.9)  
               
 /ti/  1.95 (1.8) 2.43 (2.1)  2.46 (1.6) 2.88 (1.4)  -7.14 (3.2) -6.65 (4.1) -9.17 (3.4)  -8.24 (2.9)  
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P1 and N250 latency 

 Young normal hearing children (4-9 years) on average had shorter latencies frontally 

(F4-F3) for right presentation; this pattern seemed to be disrupted in younger children with 

LE-UHL as some of them had shorter latencies for central locations. For older children with 

UHL (10-16 years) the atypical response is more evident for P1, as older children with LE-

UHL showed the reversed pattern with longer latencies at central locations and longer 

latencies for frontal locations compared to controls (see Figure 22). 

For left ear presentation, younger controls had shorter latencies frontally. As seen in 

Figure 22 most of the younger children with RE-UHL had an atypical pattern with delayed 

responses frontally. Older children (n=2) did not present a clear pattern for P1 latency as 

UHL14 showed shorter latencies centrally but overall had delayed responses across 

electrodes. UHL8 showed an unclear differentiation of CAEPs across electrode locations 

(Figure 22). 

Regardless of the test ear in normal hearing children, shorter N250 responses were 

seen contralaterally (central and frontally). However children with UHL did not present with 

a clear contralateral dominance for N250 response (Figure 23). Overall, there was a 

disruption of the typical CAEP patterns seen in normal hearing children for children with 

UHL children, with changes in P1-N250 amplitude/latency patterns indicating atypical 

cortical auditory activity for the children with UHL.  
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Figure 22. P1 latency (ms) as function of age group for UHL group and NH controls. Left column; right ear presentation/ Right column; left ear presentation. 
Bars represent SE for the means. RE=right ear, LE=left ear.
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Figure 23.N250 latency (ms) as function of side of hearing loss and electrode location for participants with UHL and NH controls. A; LEUHL (right ear 
presentation), B; REUHL (left ear presentation). Dotted line represented NH children responses. Bars represent SE for the means. RE=right ear, LE=left ear.
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Discussion  

Behavioural  

 Among the benefits that binaural hearing provides is the ability to localise sounds (D. 

Moore, 1991). Sound localisation is affected in children and adults with UHL but 

performance is quite variable. Wilmington et al. (1994) studied localisation in children and 

adults with conductive UHL prior to corrective surgery and found that results varied from no 

errors to very poor performance. This variability has been explained as some people with 

UHL being able to use monaural cues to localise (Slattery & Middlebrooks, 1994). Bess et al. 

(1986) reported a high variability (larger standard deviation) in the responses of a group of 25 

children with SNHL localising a 3 kHz pure tone. This variability was seen in our sample as 

well (Table 11). In our sample there were relatively few effects of age, severity and side of 

the hearing loss on sound localisation performance, however children with greater hearing 

loss (>65 dB HL) tended to have higher localisation errors. This is in line with previous 

studies where children with SNHL with lesser degrees of hearing loss had better performance 

(Bess et al., 1986; Humes et al., 1980; Newton, 1983).  

There is some evidence for age effects on sound localisation in children with UHL. 

Johnston et al. (2010) tested 12 children with unilateral SNHL (hearing device users) using a 

15 speaker array and speech (“baseball”) as the stimulus. For the unaided condition younger 

children (< 10 years) performed more poorly than older ones. The authors suggested that 

children with UHL learn over time to use monaural cues such as those provided by the pinna, 

head and torso. For our sample, such differences were not observed as all children with UHL 

performed more poorly than controls, regardless of age. Differences in participant 

characteristics may account for this, as for our sample most of the children (n=12) had 

moderate to severe conductive hearing loss whereas in Johnston’s study the children had mild 
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to severe SNHL. Also, the use of a small number of speakers in the current study (more 

angular separation) may limit the ability to detect such differences.  

It has been reported for children (Bess et al., 1986; Newton, 1983) and adults 

(Gustafson & Hamill, 1995) that right ear UHL has greater impact on sound localisation than 

left ear. These studies used mainly tones or noise as stimuli and a larger speaker number than 

the current study, and participants had severe to profound SNHL or a simulated conductive 

UHL. When the right ear was affected by UHL in the current study sound localisation was 

considerably more variable than when the left ear was affected (Figure 17). This is consistent 

with earlier reports of greater impact on sound localisation of right ear UHL. 

In our sample, when the normal hearing children were allocated to two groups 

according to their age, younger children showed poorer performance for both CNC words and 

BKBs sentences. An age effect was also seen for CNC word scores for the monaural indirect 

condition for the atresia group. Supporting these findings for normal hearing children, 

Schafer et al. (2012) found that younger (<4 years) children performed more poorly (poorer 

speech in noise thresholds for sentences) than older children (4-5 years) and children (n=68, 

3.0-6.9 years) performed more poorly than adults (n=17, 20-42 years). Older participants 

benefited more from spatial release from masking. Consistent with the current study, speech 

and noise were presented in the same location as well as spatially separated (albeit at a wider 

angle) allowing spatial release from masking (P. Johnstone & Litovsky, 2006; Litovsky, 

2005). Thus, maturational factors play an important role in auditory abilities such as spatial 

speech recognition for children with and without hearing loss.  

Bess et al. (1986) and Hartvig et al. (1989)  reported that children with a unilateral 

SNHL (N=25 and N=30 respectively) had poorer speech recognition performance when the 

right ear was affected compared to the left ear, however in our sample such ear differences 

were not observed. Differences in methodology and aetiology of participants may account for 
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such results. An adaptive method was used to obtain the 50% SNR sentence scores and a 

fixed +5 dB SNR was used for CNC words in the current study. Hartvig et al. measured 

speech recognition at different fixed SNRs (0 and +10 dB) and in quiet using Phonemic 

Balanced words with differences mainly evident for more the difficult condition (i.e. 0 dB). 

Bess et al. reported a trend for poorer performance when the right ear was affected when the 

speech was directed to the good ear for the most difficult conditions (-10 and 0 dB SNR). 

Thus possible ear effects on performance in people with UHL may only be evident for more 

difficult speech recognition tasks.  

Children in the current study were allocated to two groups according to hearing loss 

severity, mild-moderate (< 65 dB HL) and severe-profound (≥ 65 dB HL); degree of hearing 

loss did not affect sound localisation or speech recognition. This finding could be due in part 

to the small number of cases with mild-moderate hearing loss, or could reflect a difference 

between adults and children. Adults with UHL examined as part of this thesis (Chapter 5) 

showed poorer sound localisation as hearing loss increased. Noble et al. (1994) found a 

moderate correlation between hearing levels and sound localisation in 87 adults with bilateral 

hearing loss (SNHL, conductive and mixed). Bess et al.(1986) had a larger sample size and a 

wider range of hearing loss and found a moderate correlation between hearing level and 

errors on a 0.5 kHz pure tone sound localisation task for children with unilateral SNHL. More 

research with larger sample size and a wider range of hearing levels is needed to fully 

understand the association between degree of hearing loss and sound localisation in children 

with UHL. 

Functional assessments for children with UHL provide important information about 

listening abilities and difficulties across different contexts (A. King, 2010; Krishnan & Van 

Hyfte, 2016; Tharpe & Vanderbilt Bill Wilkerson Center, 2005). Better understanding of 

functional consequences is needed as there is no consensus in the literature about the most 
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appropriate audiological management for children or adults with UHL. This would help 

clinicians to make appropriate management decisions and to monitor auditory abilities in 

realistic everyday settings. Questionnaires have been used for this purpose and have been 

developed in different formats for children, parents/caregivers and teachers (Bagatto, 

Moodie, Seewald, Bartlett, & Scollie, 2011; Tharpe & Vanderbilt Bill Wilkerson Center, 

2005).      

Overall, the responses of parents of children with UHL in the current study indicated 

greatest difficulty perceiving the direction, distance and movements of a sound, although 

difficulties recognising speech in different contexts, segregating sounds and poor ease of 

listening were also reported. Parents tended to report lower overall scores across scales than 

children. Newton et al. (1983) found that children with sensorineural UHL (57% of their 

sample) were unware of their difficulties localising sounds until they were tested, evidence 

that not all children are aware of listening problems.  

Younger children with UHL completing the LIFE perceived higher difficulty in 

classroom settings compared to peers, as expected for listening in noise but surprisingly 

listening in quiet was also reported as difficult by some children. Classroom noise levels can 

be high even for ‘quiet’ conditions (Bess, Sinclair, & Riggs, 1984). Even in an ‘ideal quiet 

classroom’ some children with UHL were perceiving a listening disadvantage. Older children 

also reported listening difficulties, which may be linked to the aetiology and/or duration of 

the hearing loss. For example, UHL3 acquired his hearing loss at age 13. For him spatial 

listening was the most difficult; the spatial scale items refer to situations where the perception 

of direction, distance, and movement of sound sources is needed. This is in line with previous 

reports of lower ratings for spatial listening for asymmetrical compared to symmetrical 

hearing loss (Noble & Gatehouse, 2004). 
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 Cortical auditory evoked potentials 

 Is well established that the obligatory auditory evoked potentials are affected by 

maturation, moreover CAEP patterns depend on the scalp locations where activity is 

measured. In children, P1 dominated the responses which showed a broad P1 peak followed 

by a negative peak (N250), consistent with previous literature (Ponton et al., 2000). P1 

generators have been identified as the primary auditory cortex, hippocampus, planum 

temporale and lateral temporal regions (B. A. Martin et al., 2008).  As CAEPs can be elicited 

by speech sounds they are a value tool for studying the neural encoding of speech at a cortical 

level. P1 latency has been described as a biomarker for maturational changes within the 

central auditory nervous system (Ponton et al., 1996; Ponton, Don, Eggermont, Waring, & 

Masuda, 1996; A. Sharma et al., 2002). Even in early infancy, larger cortical responses have 

been reported for the left hemisphere (elicited by syllables /ba/ and /da/), suggesting a normal 

pattern of functional asymmetry (Ghislaine Dehaene-Lambertz & Dehaene, 1994).  

The normal hearing control children showed left hemisphere dominance for P1 

responses for amplitude regardless of presentation ear and speech sound, contrary to the 

pattern seen in children with UHL. Dawson et al. (1986) reported iN1 and P2 hemispheric 

differences for linguistic (left hemisphere dominance) but not musical stimuli n a group of 17 

normal hearing children (aged 13 years on average). P1 responses were not investigated in 

this study. 

For the UHL group an atypical CAEP pattern was evident when the right ear was 

affected and the left ear was tested; in these cases there is a trend for larger P1 amplitudes 

over the right hemisphere (see Table 17). When the left ear was compromised, changes from 

the typical pattern were more evident. The two major findings were firstly that amplitudes 

were smaller across locations and stimuli compared to right ear UHL and normal hearing 

controls and secondly that responses were quite symmetrical across hemispheres.  
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Kurtzberg et al. (1984) identified five CAEP patterns elicited by speech sounds 

(midline; Cz-Fz and lateral; C3-C4 electrode locations) in full term infants ranging from 

Type I the most immature presentation where responses were dominated by negative peaks 

and small P1, resembling the pattern for pre-term infants pattern, to Type V which was 

dominated by a positive P1 waveform as P1. They saw developmental changes in the pattern 

of CAEP peaks occurring over months after birth. In our sample, the UHL group showed a 

range of immature CAEP presentations such as small P1 amplitude compared to NH controls 

followed by large negative response; this is mainly evident for left ear UHL. This atypical 

pattern may indicate an immature central auditory nervous system associated with auditory 

deprivation in children with UHL. 

Earlier studies reported left hemisphere lateralization for language (Kimura, 1961), 

however, current evidence supports the idea that this lateralization is more related to rapid 

acoustic changes than the type of auditory signal (speech versus non-speech) (Tallal et al., 

1993; Zatorre et al., 2002; Zatorre et al., 1992). Growing evidence supports the idea that left 

hemisphere is involved in processing temporal changes whereas the right hemisphere 

contributes more to spectral (frequency) processing (Ligeois-Chauvel, de Graaf, Laguitton, & 

Chauvel, 1999; Zatorre et al., 2002). Sininger and Cone-Wesson (2004) proposed that this 

asymmetry is present at birth based on their finding of distortion product and transient 

otoacoustic emission asymmetries in newborns tested through newborn hearing screening 

programmes. Zatorre et al. (2002) suggested that the main purpose for hemispheric 

differentiation is to improve efficiency of signal processing, improving listening abilities in 

daily life. In the current study children with UHL showed a lack of left hemisphere 

dominance (for P1) but this was evident in the NH group; the lack of hemispheric dominance 

was more evident when the left ear was affected by UHL. This could be particularly relevant 

in young children as they are in the process of language development and acquisition. In 
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future studies it will be of interest to compare CAEPs to other outcomes to determine whether 

altered auditory dominance in UHL is associated with risk of language or educational delays, 

as has been reported for some children with UHL.  

For N250 amplitude the frontal dominance seen in NH controls was missing in 

children with UHL who did not show a clear response differentiation between central versus 

frontal locations. N250 has been related to higher order functions and discrimination 

processes that are affected by attention (Cunningham, Nicol, Zecker, & Kraus, 2000; 

Naatanen & Picton, 1986).  Larger frontal N250 responses have been reported previously in 

children. For example, Johnstone et al. (1996) studied 50 children aged 7-17 years using an 

oddball paradigm, measuring responses at central, frontal and posterior locations, and found 

larger responses at Fz for both standard and target stimuli. The lack of frontal N250 

amplitude advantage in UHL suggests a disruption of the typical pattern of cortical responses, 

consistent with the changed balance of excitatory and inhibitory inputs from the two ears that 

occurs in bilateral hearing (Chen & Yuan, 2015; J. Eggermont, 2016; Takesian et al., 2009). 

Differences in N250 responses between children with language impairment and controls 

(Choudhury & Benasich, 2011; Shafer, Ponton, Datta, Morr, & Schwartz, 2007) and between 

children with auditory processing disorder and controls have been documented previously. 

The N250 findings might be related to the higher levels of listening effort or attentional needs 

reported by some of the children with UHL in our sample. Future study designs that assess 

listening effort or manipulate level of attention using an oddball paradigm could clarify the 

association between auditory attention and N250 findings in children with UHL.   

P1 latency has been extensively studied as index of auditory cortical maturation 

(Ponton et al., 2000; A. Sharma et al., 1997; A. Sharma et al., 2002; A. Sharma et al., 2005; 

A. Sharma et al., 2011; A. Sharma & Dorman, 2012; A. Sharma & Dorman, 2006). P1 

latency reflects neural conduction time and strength of neural activity within the auditory 
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system (J. J. Eggermont, Ponton, Don, Waring, & Kwong, 1997). Most studies using P1 

latency as an index of auditory cortical maturation have been done in children with bilateral 

profound hearing loss (A. Sharma et al., 2002; A. Sharma & Dorman, 2006), however, there 

is some limited information available about P1 responses in cases of monaural deprivation. 

Recently, Sharma et al. (2016) reported CAEP results for a child of 9.8 years with a right ear 

single sided deafness (SSD). At 14 months post cochlear implantation (CI) CAEP response 

morphology had altered for the SSD-CI ear, as evidenced by the emergence of N1 and P2 

responses which were absent in the pre-CI condition. The atypical hemisphere dominance in 

favour of the good ear seen in the pre-CI condition was reversed after 14 months of CI use. In 

the same study, cortical visual and somatosensory evoked potentials were obtained, The pre 

CI condition showed evidence of cross-modal recruitment as activation of the auditory 

temporal areas occurred with for visual and somatosensory stimulation. However, this cross-

modal recruitment reverted after 14 months of CI use. Overall, these findings indicate 

considerable auditory plasticity in this child with SSD.     

Our findings suggest that the typical maturational process within the auditory cortex is 

disrupted to some extent by UHL. The effects of age and electrode location P1 latencies 

indicate changes in CAEPs with normal maturation. Better understanding of this typical 

pattern of development is needed in order to interpret CAEP changes associated with UHL.     

It is important to keep mind that in the current study CAEPs were elicited with sound 

presented to the good ear. The atypical CAEP results obtained when testing the normal 

hearing ear indicate that normal cortical auditory development depends on balanced binaural 

input. This is consistent with studies showing how auditory experience is needed to “refine” 

the properties of the auditory cortex (Kleim & Jones, 2008; Malone et al., 2002; Schreiner & 

Polley, 2014). Atypical CAEP patterns found in the children with UHL in the current study 

suggest that even moderate UHL produces changes within the auditory cortex.  
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Conclusions  

 Children with UHL showed a wide range of auditory difficulties. As expected speech 

recognition in noise differed from controls. As seen in adults (See chapter 5 of this thesis) 

when speech was directed to the good ear performance was poorer than that of normal 

hearing controls. This finding is particularly relevant as even typically developing children 

with normal hearing perform more poorly than adults on speech recognition in noise.  

Children with UHL have an even greater disadvantage and the common practice of 

recommending that children sit with their ‘good ear’ facing the teacher is not sufficient for 

them to hear well in the unfavourable acoustic conditions in classrooms. As has been reported 

in earlier studies (Bess et al., 1998; Fischer & Lieu, 2014; Lieu, 2004; Lieu et al., 2010) we 

would expect their academic performance to be markedly affected as a result of their reduced 

speech perception abilities compared to their peers. As reported previously sound localisation 

abilities were quite variable; in the current study greater variability was seen for right ear 

hearing losses suggesting that some of these children may have developed compensatory 

mechanisms, possibly using monaural cues to localise, while other children found the task 

very difficult. Consistent with the localisation data the younger children who completed the 

LIFE questionnaire identified school situations where focussed auditory attention was needed 

as difficult. Older children who completed the SSQ reported greatest difficulty for activities 

requiring perception of the direction, distance and movement of sound. Parents tended to 

perceive more auditory difficulties in daily life than children. As was the case for children, 

spatial hearing was perceived as the most difficult area by parents.  

Finally, our data indicated that the typical auditory cortical development pattern seen 

in normal hearing children was disrupted in children with UHL. Lack of left hemisphere 

dominance for P1 amplitude and frontal activity for N250 and differences in P1 and N250 

latencies between groups indicated changes within the auditory cortex associated with UHL. 
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This study showed CAEP indicators of cortical reorganisation in children with UHL. Further 

research with larger numbers of children is needed to compare these electrophysiological 

changes with behavioural speech perception and other difficulties reported for children with 

UHL such as language delays, behavioural difficulties and need for educational assistance 

(Bess & Tharpe, 1984; Culbertson & Gilbert, 1986; Lieu et al., 2010; Reeder et al., 2015; 

Watier-Launey, Soin, Manceau, & Ployet, 1998; Welsh et al., 2004). 
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CHAPTER 8: Cortical auditory evoked potential (CAEP) and 

behavioural measures of auditory function in an child with a 

single sided deafness  
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Introduction 
 

Traditionally conventional hearing aids, contralateral routing of signals (CROS) 

hearing aids and bone anchored hearing devices (BAHD) have been the first options for the 

audiological management of unilateral hearing loss (UHL) (McKay, 2010). However the 

evidence shows that these technologies are not totally effective in restoring sound localisation 

or speech recognition in noise abilities (Battista et al., 2013; C. E. Bishop & Eby, 2010; 

Briggs, Davidson, & Lieu, 2011; Wazen, Ghossaini, Spitzer, & Kuller, 2005). The sound 

localisation and speech in noise recognition benefits of cochlear implants (CIs) for patients 

with bilateral severe to profound or profound hearing loss are well established (Torres J & 

Zeitler DM, 2013). CI selection criteria have been extended to include younger patients (e.g. 

≥12 months), the presence of residual hearing, bilateral implantation and asymmetrical 

hearing loss including UHL (Arts et al., 2012; Cadieux, Firszt, & Reeder, 2013; Hassepass et 

al., 2013; Heman-Ackah, Roland, Haynes, & Waltzman, 2012; Roland & Waltzman, 2015; 

Sampaio, Araújo, & Oliveira, 2011; Távora‐Vieira et al., 2013).  

Promising evidence for the benefits of CI for adults with single-sided deafness (SSD) 

has been reported in the literature. The first CI reports were related to SSD and severe 

tinnitus in adults; these studies showed that a CI could be effective in reducing the perception 

and disability associated with the tinnitus in people with SSD (Palau et al., 2010; Punte et al., 

2011; Ramos et al., 2012; Van de Heyning et al., 2008). Additional positive effects that have 

been observed include improved speech in noise recognition, sound localisation and self-

perceived hearing abilities (Arndt et al., 2011; Mertens, Kleine Punte, De Bodt, & Van de 

Heyning, 2015). 

For children with SSD, results are promising, although published information on CI 

outcomes is limited. Improvement in hearing abilities have been reported, mainly for 
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recognising speech in noise and localising sound (Cadieux et al., 2013; Hassepass et al., 

2013; Plontke et al., 2013; Távora-Vieira & Rajan, 2015). Because of the paucity of research 

in this area detailed case studies investigating pre- and post-implantation auditory function in 

children with SSD can offer valuable insights. Children with untreated SSD are experiencing 

auditory deprivation at the same time as neuro-maturation is occurring in central auditory 

pathways and they are engaged in complex listening tasks such a learning in a noisy 

classroom. Changes in auditory function over time and the impact of introducing hearing 

technology are therefore of great interest for this population. This case study examines 

auditory function over time in a child with SSD who received a CI. Auditory function was 

investigated using auditory cortical responses, speech in noise recognition, sound localisation 

and self-perception of hearing difficulties in order to determine the impact in a broad range of 

auditory abilities.  

Method 

Clinical Presentation  

M was aged 7 years; 10 months when he was tested at baseline and received a CI 

when he was aged 8 years. He presented with a severe hearing loss in the right ear (unknown 

aetiology) (Figure 24). SSD was defined as severe to profound hearing loss (poorer ear) and ≤ 

30 dB HL PTA (pure-tone average threshold for 0.5,1,2, and 4 kHz) in the better ear (Vincent 

et al., 2015). M had normal   middle   ear   function   (bilateral  “A” tympanograms),  

presence  of  normal  ipsilateral acoustic reflexes  in  the  good  ear  (left)  and  absence  of 

ipsilateral reflexes in the ear with severe hearing loss (right). M was a 29 week pre-term 

baby, he was fitted  with a  soft  band bone-conduction  hearing aid at age 2 years, and  later 

at  age 3.8 year he was given a  bone  anchored  implant (BAHA BP100 system + FM system 

for better ear). M was fitted with a CI in November 2014 (Advanced BionicsHR90K, 

processor Naída CI Q70, strategy HiRes Optima-S/120, 16 electrodes). A remote microphone 
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hearing aid (RMHA) (FM) system was fitted about nine months after the CI switch on, 

mainly for school use. At the same period of the RMHA system was provided M started 

using auditory training software (AngelSound™, developed by TigerSpeech Technology) for 

about three months for 40 minutes per week.   

 

 

 

 

 

 

 

 

 

 

Figure 24. Air conduction pure tone thresholds for right and left ear at baseline. Open triangles 
represent non responses for air conduction after the CI surgery. Hearing did not change in the left ear 
post-surgery. ‘CI’ indicates aided thresholds for the right ear. 

 

Previous clinical assessments show M’s language and cognitive screening results to 

be within normal limits. Assessment of temporal processing (tested for the better, left ear) 

using the Random Gap Detection Test  conducted when M was 7 years old showed 

performance within normal limits. Hearing tests used in the current study included speech in 

noise recognition, sound localisation, self-perception of disability and obligatory cortical 

responses to speech sounds. The current report summarizes the results for assessments carried 
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out prior to and after M received a CI, including one, six and 12 months after the CI switch 

on. 

Assessments 

Speech material testing included words (consonant-nucleus-consonant words, CNC) 

and sentences (Bamford-Kowal-Bench/Australian version, BKB/A), spoken by male and 

female native speaker of New Zealand English. Speech recognition was measured in the 

sound field with three loudspeakers placed 1 m from the participant at −45°, 0°, and 45° 

azimuth, with the centre of the speaker at approximately head height. The following 

conditions were tested: a) Monaural Direct (MD): signal to good ear/noise to bad ear (CNCs, 

BKB/A sentences), b) Monaural Indirect (MI): signal to bad ear/ noise to good ear (CNCs, 

BKB/A sentences), and c) signal/noise in front (SNF) (BKB/A sentences only). The level of 

the speech material through the loudspeakers was set at 65 dB SPL for the CNC 

words, with 100 multi-talker babble noise fixed at 60 dB SPL. Whole word scoring was used 

and percent correct scores (%) were determined (Cañete O.M & Purdy, 2016).  

For BKB/A sentences, the speech recognition threshold (SRT) in noise was defined as 

the signal-to noise ratio (SNR) producing 50% correct whole sentence recognition, measured 

using an adaptive (two-up/two-down) procedure (Plomp & Mimpen, 1979; Ruscetta et al., 

2005). Noise was at a fixed level (60 dB SPL) and the speech level was adjusted. The two 

first sentences served as practice, presented at 64 dB SPL; if they were repeated correctly the 

signal was decreased by 4 dB (initial step size). The final step size was 2 dB. 

Sound localisation was tested using a spondee word “Frenchfries” spoken by a female 

native speaker of New Zealand English. The stimulus presentation level was 62 dB SPL on 

average, randomly varied between 54 and 70 dB SPL (roved +/- 8 dB).  Five loudspeakers 

were placed at −90°, −45°, 0°, 45°, and 90° azimuth at 1 m distance from the participant with 
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the loudspeaker centres at approximately head height. Sound localization errors were 

quantified by calculating Root Mean Square Error (RMS). 

To assess self-perception of listening difficulties the 7-item shortened Listening 

Inventories for Education (LIFE) questionnaire was used (K. Anderson & Smaldino, 1996; 

Barry et al., 2015). This is a student self‐report measurement tool; the student rates how 

challenging different classroom listening situations (S. C. Purdy et al., 2009). The Parent 

version of the Speech, Spatial and Qualities of Hearing Scale (SSQ) was also used (Galvin & 

Noble, 2013). The SSQ obtains information about three areas of a child’s daily functioning 

when listening with their hearing technology: a) Speech – speech understanding in quiet, in 

background noise, in reverberant environments, and on the telephone, b) Spatial Hearing – 

the perception of the position, movement and distance of sound sources and c): Qualities of 

Hearing – the identification of sounds and voices, ease of listening, and segregating sounds. 

Both the LIFE and SSQ questionnaires were given at baseline, and one, six and 12 months 

after CI switch-on.  

Cortical auditory evoked potentials (CAEPs) were tested using three 246-ms speech 

syllables (/di, gi, ti/) recorded using a native New Zealand English female speaker. The three 

speech syllables were presented separately at 65 dB SPL with continuous multi-talker babble 

presented at 60 dB SPL. The loudspeaker setup was similar to that used for the spatial speech 

recognition in noise task (MD and MI conditions). The Neuroscan SCAN™ (version 4.3) was 

used to record CAEPs using ten EEG channels, with gold 10 mm disc electrodes placed at Cz 

and Fz referenced to M2; C4 and F4 referenced to M2 and M1 (ipsi and contra references); 

C3 and F3 referenced to M2 and M1 (contra and ipsi references). The ground electrode was 

located on the forehead and eye blink activity was monitored using electrodes placed above 

the left eye. Electrodes impedances were kept under 3-5 kΩ. 
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Results 
 

As seen in Figure 25, BKB/A sentences speech in noise scores at baseline were poorer 

than scores for age-matched normal hearing children (N=4) for the three conditions (MD and 

MI with speech and noise lateralised to the good and poorer ear, respectively, and 

speech/noise front, SNF). In the aided condition (BAHA) speech scores were poorer than 

scores for the controls (i.e., higher signal-to-noise ratios, SNRs, required) in the lateralised 

conditions even when speech was directed to the good ear. Over time an improvement in 

scores for MD and SNF conditions is evident. After 12 months of CI use, BKB speech scores 

improved by about 2 dB for MD and SNF conditions and his SNF result is comparable to that 

of age-peers with normal hearing. MI scores, with speech to the poor ear and noise to the 

good ear are similar to the baseline result. For CNC words speech scores are quite stable over 

time, and consistent with results for normal hearing children, for the MD condition and there 

was no unaided vs aided difference (BAHA or CI). However scores did show improvement 

for the MI condition at 6 and 12 months after the CI; this improvement is about 18%.    
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Figure 25. Speech recognition scores for sentences (A. BKB/As) and words (B. CNCs) unaided and 
aided (BAHA, BP100) and with the CI (Cochlear Implant, Advanced Bionics HR90K, processor 
Naída CI Q70) conditions over time, with speech presented to the good and poor ear (lateralised 
conditions) or to the front. A. BKB/As, solid bar represents mean performance for lateralised 
conditions and open bar represents performance for speech/noise front for 7 year old children with 
bilaterally normal hearing (N=4). B. CNCs, solid bar represent the mean for normal hearing children 
for the lateralised conditions (N=4). 
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Sound localisation abilities (Figure 26) improved in the aided and CI conditions but 

this improvement was more evident with CI use. There was an improvement of 32 degrees in 

RMS error at 12 months post-CI. Children aged 6-9 years with normal hearing (N=9) have a 

mean error score of 0.81 (SD 2.4) on this task. 

 

 

 

 

 

 

 

Figure 26.Mean RMS over time for unaided, aided (BAHA) and CI (Cochlear Implant) 

 

M’s self-perception questionnaire (Figure 27) revealed a perceived improvement for 

listening in noise, focused listening and overall subscales at 12 months after the CI switch on. 

The main improvement was seen for the focused listening subscale, followed by listening in 

noise, which was close to the scores of the NH controls by 12 months after CI switch on. 

Listening in quiet did not change over time. M’s scores fall within the range for 7-12 year old 

typically developed children scores for the focused listening subscale. 
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Figure 27. M’s 7-item LIFE subscale and overall scores at baseline and at 1, 6 and 12 months after 
the CI. Higher scores indicate Normal hearing control group LIFE scores are shown for comparison 
(N=83, aged 7-12 years) (solid bars). Error bars represent 95% confidence intervals for the means for 
the normative data. Lower scores indicate less difficulty. 

 

Figure 28.M’s parental report for hearing abilities measured by SSQ parent version. Mean scores are 
shown for subscales and overall at baseline and at 6 and 12 months after the CI. Higher scores 
indicate less difficulty. 
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Figure 28 shows parental ratings of listening on the SSQ scales and overall perception 

over time. There was an improvement from baseline to 12 months post-CI for all subscales, 

by 2.2 to 2.5 scale points. The improvement was more evident for the Qualities scale which 

has questions about activities involving segregation of the sounds, ease of listening and 

identification of sounds. Within this section of the SSQ the item inquiring about the effort to 

hear what is being said in a conversation with others, M’s parent ratings showed an 

improvement of 6 points between baseline and 12 months post-CI. 

Figure 29 shows that at baseline M’s CAEPs responses at Cz and Fz electrode 

locations differ from those of 7 year-old normal hearing children across stimuli mainly for P1 

amplitude. CAEPs were recorded with the speech presented to the good, left ear and noise 

presented at to the CI ear (+5 dB SNR). N250 amplitude did not differ from that of controls, 

however N250 latency was earlier for /di/ and /gi/ for M than for the controls.  

N250 was larger and earlier at frontal locations across all stimuli. Figure 29 shows 

more change at frontal (Fz) than central (Cz) electrodes, with possible emergence of the P1-

N1-P2 complex at 12 months post-CI for /gi/. The greatest overall change in CAEPs is 

decreased N250 amplitude and the possible emergence of P2; this pattern is clearer when 

baseline and 12 month post-CI waveforms are compared across stimuli. The reduction in 

N250 at 1 month which then recovers at 6-12 months could be indicative of an initial 

‘binaural interference’ effect (Jerger, Silman, Lew, & Chmiel, 1993), or it could be a 

mapping effect, as there was greater variation in M’s CI map in the early months after 

implantation.  
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Figure 29. CAEPs recorded at central and frontal electrode locations for the three stimuli over time, with left ear (monaural direct) presentation



In general the normal hearing children (N=7), did not show an interhemispheric difference 

for left ear presentation, for instance as seen in Figure 30, P1 amplitude was only slightly larger at 

F3 for /gi/. For M, P1 was more robust at 12 months for /gi/ for the ipsilateral frontal electrode 

location (F4) than at baseline. N250 amplitude was reduced after 12 months of CI use for both F3 

and F4 locations. 

.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. CAEPs for /gi/ sound for NH children (N=7) (top) and at baseline (middle) and 12 months post-
CI (bottom) for M at frontal electrode locations F3 and F4.  
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Discussion  
 

At baseline speech recognition in noise was markedly affected by the presence of a 

unilateral hearing loss, however, these effects were not just for speech directed to the poorer ear but 

also in a more advantageous condition with speech to the good ear and noise to the poor ear. This 

finding is relevant to children’s classroom listening where reverberant conditions and poor SNRs (-

7 to +5 dB) are common, leading to speech perception difficulties even for normal hearing children 

(Crandell & Smaldino, 2000). Normal hearing children require higher SNRs to perform similar on 

speech in noise tasks to adults (L. L. Elliott et al., 1979; L. Elliott, 1979; Finitzo-Hieber & Tillman, 

1978; Neuman et al., 2010; Schafer et al., 2012) and hence the finding of reduced speech perception 

in M’s good ear suggests that greater attention should be paid to providing amplification to children 

with SSD.  M showed an improvement in his speech perception performance after 6 months of CI 

use for sentences and words compared to baseline scores (unaided and BAHA aided). This is 

consistent with (A. Sharma et al., 2016) who reported speech perception improvements after 33 

months CI use in a child with SSD. Their case scored 95% correct for AzBio sentences in quiet for 

the CI only condition, in noise condition (restaurant noise) and an improvement of 25% was 

observed for speech perception in restaurant noise with the CI on versus off. The improvement for 

M at 12 months post CI was less than this, which could reflect less CI experience or differences in 

the speech perception tasks. CI use provided speech in noise benefit that was not achieved with the 

BAHA device for M. 

For M, the bone anchored implant device did not overcome his sound localisation 

difficulties, which is in line with previous reports (Battista et al., 2013), however he showed an 

improvement compared to the unaided baseline condition. With the CI, sound localisation 

performance improved however. Although the first experiences of CI in unilateral SSD were 

primarily focussed on management of tinnitus in adults (Arndt et al., 2011; Vermeire & Van, 2009), 

there is increasing evidence for improvements in speech recognition in noise and sound localisation 

in people with unilateral or asymmetrical hearing loss using a CI in their poor ear  (Firszt et al., 
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2012; Hansen, Gantz, & Dunn, 2013; Punte et al., 2011; Távora‐Vieira et al., 2013; Vermeire & 

Van, 2009; Zeitler et al., 2015). Evidence is more limited for children but not less promising, as 

objective and subjective benefits have been reported (Plontke et al., 2013; Távora-Vieira & Rajan, 

2015). The measured improvement in speech in noise recognition and sound localisation for M was 

associated with perceptions of major benefit by M.  

Interaural asymmetry has a major effect on listening in dynamic situations such as the 

classroom involving sound localisation, direction, movement (Noble et al., 2004). M reported that at 

school, listening in noise and activities where focused listening is needed were less challenging 

after 12 months of CI use. This perception of benefit correlates with M’s parental report, as the SSQ 

results showed improvements for speech recognition in different contexts, sound localisation, sound 

segregation and recognition, naturalness and need for concentration for listening. This is consistent 

with reports of improved quality of life after CI fitting for people with SSD (Harkonen et al., 2015).    

In addition to using his CI, M had been using an FM system at school that was fitted 9 months after 

he received the CI. The FM system has probably also contributed to his perception of more 

successful listening at the 12 month evaluation when having to focus on the teacher speaking at 

school. 

Listening effort is not measured directly by the LIFE questionnaire, but is included in the 

SSQ. There is limited information available about listening effort or/fatigue in children with UHL, 

however evidence from children with bilateral hearing loss suggests that they have higher listening 

fatigue ratings than normal hearing peers (Hornsby et al., 2014). Reductions in listening effort with 

various hearing technologies have been reported, For example, Hornsby et al, (2013) reported a 

trend for reduced listening effort measured by objective methods when a hearing aid was used 

compared to the unaided condition for 16 adults with bilateral symmetrical hearing loss. Other 

studies have failed to find a clear relationship between objective and subjective measures of 

listening effort/fatigue in hearing impaired individuals (Larsby et al., 2005; Zekveld, Kramer, & 
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Festen, 2010), however there is growing evidence for a decrease in listening effort for children 

using CIs (Hughes & Galvin, 2013; Steel, Papsin, & Gordon, 2015). 

  Children with language or auditory processing deficits have atypical speech-evoked CAEPs, 

and hence CAEPs are sensitive to altered auditory encoding (Cunningham, Nicol, King, Zecker, & 

Kraus, 2002; Gilley et al., 2006; M. Sharma, Purdy, & Kelly, 2014; Tomlin & Rance, 2016). 

Interestedly M’s CAEPs differed from normal hearing controls (at baseline) even when sound was 

presented to the better ear. This suggests immature auditory cortical function, or altered function 

associated with the lack on binaural input to central auditory pathways.  The functionality of the 

auditory cortex is modulated by the sensory experience (Kral & Eggermont, 2007). M’s CAEP 

results suggest that auditory experience in the good ear was not enough to develop the same 

auditory cortical response pattern as normal hearing listeners of the same age. Apart from his 

hearing loss M is typically developing and is making good progress in school, however it is possible 

he has central auditory changes related to his prematurity rather than to his UHL (Bamiou, Musiek, 

& Luxon, 2001). Larger studies with more children with SSD of different aetiologies would help to 

clarify this.  

Changes in central auditory function have been reported for acquired UHL. For example, a 

recent study of a group of 42 adults with acquired UHL (due to surgical removal of acoustic 

neuroma) showed a reduction in gray matter volumes in the primary auditory cortex and an 

increased volume for premotor cortex structures such as the precentral gyri, with factors such as 

duration and severity of the hearing loss associated with the amount of change (Wang et al., 2016). 

Higher prefrontal activity has been reported for increased listening effort levels and hence changes 

in cortical responses from frontal areas are of interest for people with UHL being fitted with hearing 

technology (Davis & Johnsrude, 2007; Peelle, Johnsrude, & Davis, 2010),  

M’s N250 responses were earlier compared to normal hearing children which might be 

associated with his smaller P1 amplitudes. Over time P1 amplitude increased and N250 showed a 

substantial change in amplitude which is consistent with previous reports for children receiving a CI 



 

 189 

(A. Sharma & Dorman, 2006). Changes seen in P1 were not as evident as indicated by reports of 

CAEP changes after CI for bilateral hearing loss (Bauer, Sharma, Martin, & Dorman, 2006; A. 

Sharma et al., 2005; A. Sharma & Dorman, 2012). This was expected as CAEPs recorded in the 

current study largely reflect activation of the normal hearing ear. The emergence of the P1-N1-P2 

complex at 12 months post-CI, which is a typical neuro-maturational pattern (Ponton et al., 1996), 

was most apparent for /gi/. A change in P2 is also apparent in children with normal hearing when 

stimulus rate is reduced, due to reduced neural refractory effects when the stimulus delivery is 

slower (Gilley, Sharma, Dorman, & Martin, 2005). For comparison, Figure 31 illustrates the change 

in CAEP shape for a normal hearing 7-year-old boy tested with the speech sound /da/ with the usual 

inter-stimulus interval of 910 ms and at slower presentation rates that result in a more adult-like P1-

N1-P2 waveform.  

 

 

 

 

 

 

 

 

 

Figure 31. CAEPs recorded in a 7 year old boy with bilaterally normal hearing, to the speech sound /da/, 
presented at the usual inter-stimulus interval (ISI 910 ms, green) and at slower rates (2730 ms ISI, black) and 
3640 ms ISI, red). P2 amplitude is enhanced when neural refractory effects are reduced by slowing stimulus 
rate. This pattern is also seen in children over time as a result of neuromaturation. 
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N250 is associated to higher levels functions such as discrimination and attention 

(Cunningham et al., 2000) and is affected by attentional demands (Naatanen & Picton, 1986) and 

hence may reflect a number of different aspects of auditory processing. N250 amplitude shows an 

age effect with amplitude decreasing with as age (Čeponien et al., 2002; Ponton et al., 2000). This is 

thought to relate to the emergence of N1 as the auditory network within the cortex becomes more 

efficient with neuromaturation (with development of inhibitory control and myelinisation).  

Changes observed in M’s N250 responses could be linked in part to decreased attentional demands 

due to restoration of auditory input to the impaired ear.    

Limited information is available about the effects of CI in children with SSD, however 

recently Sharma et al. (2016)  reported results for a child with SSD implanted at age 9.8 years who 

had atypical P1 and absent N1 and P2 responses when the right, impaired ear was stimulated via an 

insert earphone at 100 dB HL; when the left (good) ear was stimulated typical CAEPs responses 

were recorded. After implantation major changes in the CAEPs were seen in the implanted ear with 

P1-N1-P2 emerging after 14 months of CI use. There were changes in frontal cortex activation after 

the CI based on current density reconstruction, consistent with the finding of mainly frontal changes 

in the current study for M’s CAEPs. Since previous studies in adults with hearing loss have shown 

an association between pre-frontal and frontal cortex activation and listening effort (J. Campbell & 

Sharma, 2015; Eckert et al., 2008; Peelle, Troiani, Grossman, & Wingfield, 2011), the finding of 

mainly frontal CAEP changes is consistent with a hypothesis of reduced listening effort. Previous 

studies have reported that frontal locations may be more sensitive to CAEP developmental changes 

(Mahajan & McArthur, 2012), however, and hence other factors such as neuro-maturation could be 

contributing to the observed changes.  

Earlier studies of UHL in adults and in animal studies show changes in CAEP asymmetry 

when a UHL is acquired, or hearing is restored with a single CI (Khosla et al., 2003; Kral et al., 

2013; Maslin et al., 2013b). The adult pattern of asymmetric CAEPs with larger contralateral 

amplitudes (Butler et al., 1969; Connolly et al., 1985; Khosla et al., 2003; Näätänen & Picton, 1987; 
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Ponton et al., 2001) was not evident for the normal hearing control children or for M, with the 

exception of the /ti/ stimulus at frontal location. Larger and earlier contralateral hemisphere CAEPs 

reflect dominance of the contralateral pathways within the auditory system (F. E. Musiek, 1986; 

Ponton et al., 2001). The general absence of this in the 7 year olds with normal hearing investigated 

here suggests that this asymmetry is a consequence of neuromaturation. Consistent with this, 

Ponton et al. (2000) reported no significant differences between C3 and C4 electrodes for P1 

responses for children and adults.  

Overall, M’s performance improved over time after the CI. The CI was associated with 

improved recognition of speech in noise, better sound localisation sounds and improved perception 

in different listening environments including the classroom. CAEP changes indicate some 

adaptation within the central auditory system to the new “binaural” condition. Confirmation of 

CAEP changes with a larger group of children with SSD receiving a CI and age-matched controls 

with normal hearing is needed to fully understand the nature of the CAEP changes and the 

physiological basis for the changes. Changes in CAEPs were more evident for frontal locations 

across stimuli, which could reflect changes in auditory attention, listening effort or cognitive load 

(J. Campbell & Sharma, 2015; Peelle et al., 2010), however, more research is needed to establish 

mechanisms for the observed CAEP changes and to relate these changes to improvements in 

auditory performance.   
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CHAPTER 9: Discussion  
 

 

 This chapter summarizes the main findings of the two main studies (Chapters 5 and 7) and the 

case study reports (Chapters 6 and 8) and suggests future directions.    

The main goal of the current work was to use a behavioural and electrophysiological 

approach to determine the effects of a unilateral hearing loss on the auditory function of children 

and adults who present with this condition. This research explored the consequences of UHL on a 

broad range of auditory functions such as spatial speech recognition in noise, sound localisation, 

and self-perception of difficulties and provides a comprehensive description of the impact of UHL 

in a sample of children and adults. The study of cortical responses in UHL will help advance 

knowledge of the underlying mechanisms involved in auditory plasticity associated with monaural 

deprivation and amplification for people with UHL. These findings increase the information 

currently available about the effects of UHL, and should help otolaryngologists and audiologists to 

make better decisions about appropriate management and timing of intervention for UHL in 

children and adults.  

 

Major findings were as follows:  

 

Adult group study: “Impact of Unilateral Hearing Loss on Behavioural and Evoked 

Potential Measures of Auditory Function in Adults” 

 

1. Sound localisation abilities did not vary as function of the side of deafness or onset of the UHL 

in adults (with onset of hearing loss separated into those participants with onset at age <15 years 

versus >15 years). 

2. Sound localisation performance depended on the severity of the hearing loss as people with 

severe to profound hearing loss had poorer performance compared to lesser degrees of hearing 
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loss. This difference was maintained when conductive UHL cases were removed from the study 

sample.  

3. Spatial speech recognition in noise was markedly affected in adults with UHL, mainly when the 

speech was directed to the affected ear, however, adults with UHL also required higher SNRs 

than normal hearing controls to recognise speech in noise when speech was directed to the good 

ear.     

4. SSQ12 self-report ratings of listening difficulties in adults with UHL showed significantly lower 

ratings than normal hearing controls across all the SSQ subscales. Ratings were lowest for 

speech in different contexts and listening effort was the item with the lowest ratings, indicating 

the greatest challenge. SSQ ratings were significantly poorer for people with greater severity of 

hearing loss.  

5. There were no significant associations between SSQ12 scores and behavioural measures.    

6. Normal hearing controls had larger and earlier cortical responses recorded at electrode locations 

in the hemisphere contralateral to the stimulated ear. This pattern was mainly evident for right 

ear presentation at central electrode locations (C3, C4) across stimuli. 

7. For normal hearing controls N1 amplitude and latency reflected contralateral hemisphere 

dominance primarily for the /ti/ speech sound with right ear presentation at central and frontal 

locations. 

8. The N1 amplitude contralateral hemisphere dominance pattern in participants with UHL 

differed from the normal hearing controls, mainly for right ear hearing loss (left ear 

presentation) where N1 amplitude asymmetry values were negative or close to zero for central 

electrodes across all stimuli.  

9. There was a moderate correlation between duration of UHL and N1 amplitude contralateral 

hemisphere dominance. As duration of hearing loss increased, contralateral dominance (N1 

amplitude asymmetry) decreased.  
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10. N1 amplitude at Cz and Fz locations showed a significant correlation with speech recognition 

scores when speech was directed to the affected ear for the/di/ sound. Larger N1 amplitudes 

were associated with better speech recognition in noise scores.   

 

Adult case study: “Longitudinal Study of an Adult with Single Sided Deafness: Case Study” 

 

Baseline measures 

1. Spatial speech recognition was markedly affected, showing poorer performance compared to 

normal hearing controls across all conditions. Speech perception deficits were more evident for 

BKB/A sentences than for CNC words.  

2. Sound localisation was preserved at baseline showing no errors.  Access to binaural cues due to 

poorer ear having only mild to moderate hearing loss presumably accounts for this finding.  

3. Participant self-perception ratings differed significantly from normal hearing adults. All 

subscales (speech, spatial and qualities) showed lower scores indicating higher levels of 

difficulties than controls. The SSQ Speech subscale showed the lowest scores, followed by the 

Spatial hearing subscale.  

4. CAEP measures showed similar morphology to normal hearing controls across stimuli for left 

ear (non-affected ear) presentation.  

5. For N1 amplitude, larger responses were seen for the left hemisphere recording (ipsilateral to 

left ear presentation) centrally (at C3) for /di/ and /gi/. Contralateral dominance was only 

evident for /ti/ at central and frontal locations.  
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Follow up measures 

1. The participant presented with a profound SNHL in the right ear as result of acoustic neuroma 

removal. 

2. Over time spatial speech recognition scores remained poorer than controls across all conditions 

and stimuli when the participant was unaided. For the aided condition there was a trend of 

improvement for sentences (i.e., lower dB SNRs) regardless of the hearing device. For words 

the greatest improvement was seen for the CROS system.   

3.  Two months after acoustic neuroma removal, sound localisation errors increased and then they 

decreased again 6 months after the surgery, however, performance did not reach baseline values 

(no errors). The use of hearing devices was not associated with objective sound localisation 

benefits; poorer performance was seen when wearing the devices.  

4. Self-report measures indicated increased difficulties mainly for Qualities (including segregation, 

identification of sound, quality and naturalness and listening effort) and Spatial (i.e. localisation 

and distance and movement) subscales. The Listening effort item produced the lowest score 

over time, showing a marked drop compared to the baseline measure. Comparing the aided 

conditions, the CROS system produced the greatest decrease in effort required to concentrate 

compared to the BAHD, after a one month trial of each.  

5. For N1, amplitude hemisphere dominance showed changes over time for all stimuli. Responses 

were larger over the right hemisphere except for /gi/ at 12 months for frontal locations (F3, F4). 

Larger asymmetry was seen for /ti/ over time mainly for frontal locations. There was a trend for 

N1 amplitude decrements over time at frontal locations.     
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Children group study: “Effects of Unilateral Hearing Loss on Cortical Auditory Function and 

Listening Abilities in Children” 

 

1. Sound localisation abilities were affected in children with UHL, however, there is a variability 

in their performance. Performance did not show significant differences as a function of side of 

deafness or severity. There was a trend for higher error scores for children with right UHL.   

2. Spatial speech recognition abilities was affected in children with UHL, who performed poorly 

compared to normal hearing age-matched controls. 

3. Age affected speech recognition abilities in normal hearing children; younger children had 

poorer performance than older children. Children with UHL did not show such a difference, 

suggesting that performance is related to a more complex range of factors. No significant 

differences in speech perception were seen as a function of side of deafness or severity for the 

UHL group.  

4. Children with UHL reported higher levels of difficulties in classroom settings compared to 

normal hearing children. Activities involving listening in noise and quiet and focused listening 

activities were considered to be challenging by these children.      

5. Parental perceptions of difficulties differed from children’s to some extent. For Speech, Spatial 

and Qualities of hearing parents reported lower ratings indicating greater difficulties. The 

Spatial subscale showed greatest listening difficulties based on both parent and child report. 

6. Children with UHL did not show the left hemisphere dominance for P1 that was evident in the 

normal hearing controls. Left ear UHL was associated with smaller P1 amplitudes compared to 

right ear UHL. Additionally, normal hearing children showed a frontal dominance for N250 

amplitude. This pattern was preserved but to a lesser degree for right ear UHL, in contrast to left 

ear UHL where a more symmetric pattern was observed.  

7. A left ear UHL in younger children was associated with shorter P1 latencies over central 

locations, in contrast to normal hearing children who showed earlier frontal responses.  Older 
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children with UHL has longer latencies at central locations, contrary to normal hearing controls 

whose responses were earlier at central locations.  

8. A right ear UHL in younger children was associated with an atypical CAEP pattern, with 

delayed P1 responses observed at frontal locations, differing from the P1 latency pattern 

observed in normal hearing controls.  

9. For N250 latency, normal hearing children showed a contralateral hemisphere dominance 

(shorter N250 responses) regardless the side of stimulus presentation. Children with UHL 

children had more synchronous CAEP activity as there is no clear latency difference between 

hemispheres.   

Child case study: “Cortical Auditory Evoked Potential (CAEP) and Behavioural Measures of 

Auditory Function in a Child with a Single Sided Deafness” 

 

Baseline measures 

1. Spatial speech recognition performance was poorer than normal hearing controls for unaided 

and aided (BAHA) conditions for words and sentences.  

2. Higher localisation errors were observed for the unaided condition; the aided condition showed 

improved sound localisation. 

3.  The participant reported higher levels of difficulty in classroom settings than normal hearing 

children for listening in noise, quiet and focused listening activities.  

4. CAEPs showed an atypical P1 morphology compared to age-matched normal hearing children, 

suggesting an immature auditory cortical response (Cz location) for left ear (normal hearing ear) 

presentation.  
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Follow up measures 

 

1. Spatial speech recognition improved over time. At 12 months post-CI, word recognition scores 

were similar to those of normal hearing children. Signal-to-noise-ratios for sentences decreased 

(i.e., improved) over time post-CI. 

2. Sound localisation markedly improved at 12 months post-CI compared to baseline. 

3. Self-perception of difficulty scores decreased over time, and at the final measurement were 

within the range for 7-12 year old typically-developing children’s scores for the LIFE focused 

listening subscale. 

4. Parental ratings of hearing abilities improved compared to baseline for all subscales. 

5. It was possible to observe the emergence of the P1-N1-P2 complex at 12 months post-CI, which 

was clearer frontally across stimuli. 

6. N250 response changes over time suggest the presence of a possible ‘binaural interference’ 

effect and/or a cochlear implant mapping effect. 

 

General findings 

Speech recognition abilities  

Overall, findings from the four studies reported here indicate that people with UHL face a 

range of auditory difficulties across a variety of contexts. As previously reported, adults and 

children with UHL perform poorly on tasks requiring recognition of speech in noise (Bess et al., 

1986; Ruscetta et al., 2005; Schafer et al., 2012). Children presented with greater difficulties than 

adults, as expected as many auditory abilities such as speech recognition are age dependent (L. L. 

Elliott et al., 1979; L. Elliott, 1979; Finitzo-Hieber & Tillman, 1978; Schafer et al., 2012). This is 

particularly relevant as even when normal hearing children are exposed to challenging listening 

environments such as classrooms, they experience disadvantage compared to adults. Children with 

UHL are at risk for major problems recognising speech in noise, which should be a matter of wide 
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concern since adverse listening conditions will affect acquisition of abilities such reading, writing 

and communication skills. Interestingly, for the children with UHL there was a trend for children to 

require higher a signal-to-noise ratio when the right ear was affected (speech presented to the good 

ear/ noise presented to the ear with UHL, monaural direct condition). It has been reported 

previously that a right ear hearing loss has more impact on speech recognition than a left ear loss 

(Bess et al., 1986).       

Both children and adults with UHL needed higher signal-to-noise ratios to perform similarly 

to normal hearing individuals even when the speech was presented in a more advantageous 

condition (speech to the good ear). The effect of UHL on auditory processing needs further 

research, however, there is new evidence that the good ear shows changes in people with UHL. 

Recently Calderon-Leyva et al. (2016) reported that 20 individuals with a severe sudden UHL had 

poorer and more variable performance in the good ear for filtered word and time-compressed 

disyllabic words compared to the normal hearing controls. Thus changes in central auditory 

processes are likely to affect perceptual performance in the ear unaffected by peripheral hearing loss 

in people with UHL, as was found in the speech perception results of the current study.  

Mishra et al. (2015) studied temporal resolution in a group of 13 adults with a long standing 

severe to profound UHL, using gap detection (within and between channel paradigms) to assess the 

normal hearing ear. Results indicated that gap detection thresholds did not differ for UHL and 

normal hearing individuals for within-channel thresholds, however there was a significant 

difference between groups for the between-channel paradigm which showed elevated thresholds in 

the good ear in the UHL group. Deficits in temporal resolution can be associated with difficulties 

differentiating rapid temporal changes of a signal (e.g. voice-onset time in speech) or processing 

temporally complex stimuli (Bellis & Bellis, 2015; F. Musiek & Chermak, 2015; Shinn et al., 

2009). This mechanism could contribute to the poorer speech recognition in noise performance 

experienced by people with UHL in the “normal” ear. In future studies it would be worthwhile 

looking further at links between temporal processing and speech perception in people with UHL. 
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The lack of binaural hearing in UHL also makes it difficult to separate different sound sources and 

will contribute to poor speech perception for the spatially separated speech and noise conditions 

(Kidd et al., 2005). 

Sound localisation  

Sound localisation was affected in participants with UHL. There was variability in the 

performance of adults and children; some of the individuals were able to localise without any error 

despite the presence of a profound hearing loss. Consistent with this, Wilmington et al. (1994) 

reported that some of their participants with UHL due to aural atresia (aged 6 to 33 years) who were 

undergoing reconstructive surgery were able to localise sounds correctly before the surgery. In these 

cases, access to monaural cues was presumably allowing them to localise accurately (Agterberg et 

al., 2012; Van Wanrooij & Van Opstal, 2004). The use of spectral cues provided by the pinna 

would help localisation of sounds in the horizontal plane for some individuals with UHL, however, 

as these cues change during the life due to growth (ears and head shape), listeners need to be able to 

adapt in order to rely on these monaural cues (Otte, Agterberg, Van Wanrooij, Snik, & Van Opstal, 

2013). The finding that some individuals are able to utilise monaural cues to localise sound 

(unaided condition) suggests that it may be possible to train people with UHL who are poor at 

localising to use these cues. Keating et al. (2016) was able to train 11 normal hearing adults to 

localise a flat-spectrum broadband noise (0.5–20 kHz) whilst they were using an ear plug in one ear. 

Over time the localisation errors decreased gradually, thus it appears that even a short period of 

training (i.e. 7 sessions in a 3 week period) can trigger adaptive mechanisms, such as reweighting 

and remapping (Keating et al., 2015). Interestingly, this adaptive process does not happen 

spontaneously in most people with UHL as, even after longstanding UHL, many participants were 

poor at localising sound. The effectiveness of localisation training for people with permanent UHL 

should be investigated. 

As access to binaural cues becomes more restricted with greater degrees of hearing loss, the 

ability to localise sound decreases; in particular limited access to high frequency cues has a major 
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impact on localisation. The finding that localisation was poorer in adults with more severe UHL 

suggests that some people are able to benefit from a restricted range of binaural cues. This was not 

seen in the children with UHL. Differences in hearing thresholds between the adult and child UHL 

groups may account for this difference; most of the children had moderate-severe hearing loss, 

limiting the possibility of observing hearing loss effects compared to the adult group. 

To determine how a high frequency hearing loss affects the use of the spectral cues for 

sound localisation, Agterberg et al. (2014) studied 19 individuals (16-67 years) with single sided 

deafness (SSD), who were tested using filtered noise (low pass, high pass and broadband), and 

found that a high frequency hearing loss had greater effect on localisation than other configurations 

of hearing loss. Poorest performance was seen in people who had 8 kHz thresholds > 40 dB HL. 

Spectral cues specific to each person become more relevant above 4 kHz (Middlebrooks & Green, 

1991) and hence lack of access to high frequency cues will account to some extent for the 

variability seen in individuals with UHL. Poorer performance in adults with greater degrees of 

hearing loss is also explained at least in part by losing access to high frequencies. In the current 

study greater degrees of hearing loss generally involved the high frequencies. 

Keating et al.’s (2015) training study indicated that the auditory system is capable of 

monitoring and recalibrating its spatial maps according to the context and the presence of abnormal 

inputs, such as hearing loss. In animal models, this adaptive response has been described as 

reflecting two possible mechanisms: 1) a “remapping” process where new connections within the 

structures of the auditory system allow an effective adaptation or relearning from an abnormal 

spatial map, and 2) “reweighting” which refers to the process whereby a loss of inhibition from the 

affected ear changes the sound presentation to favour the normal hearing ear (Kacelnik et al., 2006; 

Keating & King, 2013; A. J. King et al., 2001). These plasticity mechanisms could contribute to 

improved sound localisation abilities over time for people with UHL. There is evidence for some 

restoration of binaural cues in adults with SSD through hearing devices such as cochlear implants. 

Implants provide sound localisation benefits as soon 1-3 months after device switch on, although 
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overall performance is still poorer for people with SSD than for people with normal hearing 

(Dorman et al., 2015). This is consistent with the findings for the child case in the current research. 

His sound localisation abilities showed a gradual improvement over time after he received a CI for 

his SSD. He had about 32 degrees RMS errors at 12 months, which is poorer than the norm but an 

improvement over his baseline performance. Current evidence indicates that spatial remapping 

and/or reweighting mechanisms can occur in early developmental stages or adulthood (Keating & 

King, 2015). Amplification can partially restore the binaural cues that are lost/limited due to the 

UHL and can improve sound localisation, thus the auditory system must be able to “recalibrate” to 

the new binaural context.     

In the current study, there was a trend for children to have higher errors when the right ear 

was affected, consistent with some previous studies reporting that children and adults with a right 

ear UHL are likely to localise significantly more poorly when the right ear is affected (Bess et al., 

1986; Gustafson & Hamill, 1995). Most of the children in the current study had a congenital 

moderate-severe conductive hearing loss, whereas children in earlier studies by Bess et al. (1986) 

and Gustafson and Hamill (1995) had a severe-profound SNHL or the UHL was simulated by 

plugging one ear. The severity of hearing loss, and or lack of adaptation to an experimentally-

induced conductive hearing loss could have resulted in right versus left ear differences being more 

apparent in these earlier studies. 

Self-report of auditory difficulties 

It is well established that pure tone thresholds can fail to predict or accurately describe 

functional abilities, such as the ability to recognise speech in background noise, of people with 

normal hearing thresholds and people with hearing loss  (Ottawa (ON): Canadian Agency for Drugs 

and Technologies in Health, 2015 Aug 17; Vermiglio, Soli, Freed, & Fisher, 2012; Wilson, 2011). 

Hence questionnaires are widely used in audiology to assess auditory function. Many amplification 

protocols recommend the use of questionnaires as valuable tools to help in the assessment of 

hearing difficulties, selection of amplification, and to measure outcomes of amplification(American 
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Academy of Audiology, 2003; American Academy of Audiology, 2013; Bagatto et al., 2010; 

Bagatto et al., 2011; A. King, 2010; McKay, Gravel, & Tharpe, 2008), however the use of 

questionnaires is not restricted to the amplification process and can provide information about a 

wide range of auditory abilities (K. L. Anderson, 1989; Bamiou, Iliadou, Zanchetta, & Spyridakou, 

2015; Smoski, Brunt, & Tannahill, 1998). Questionnaires are available in child or adult self-report, 

or parent or teacher report formats (Bagatto et al., 2011; Tharper, 2004). 

Functional auditory assessment through questionnaires can provide relevant information 

about the difficulties that an individual experiences in different contexts in daily life, identifying 

which are the areas where a person has more difficulties, which will help clinicians to determine the 

best audiological approach and management (Banh, Singh, & Pichora - Fuller, 2012; Douglas et al., 

2007; Gatehouse & Noble, 2004; Noble & Gatehouse, 2004; Noble & Gatehouse, 2006). In our 

studies most of the participants reported difficulties across a range of situations. For adults the main 

problem reported was for hearing speech in noisy environments, for multiple speakers and for 

multiple streams of auditory information. Spatial hearing abilities were markedly affected as well. 

One important finding was that adults with UHL reported that they required higher levels of 

concentration/effort when auditory attention was required. Additionally, self-perception of listening 

effort was highly sensitive to hearing changes. For the adult case, ratings dropped markedly right 

after the onset of the profound deafness and remained low over time.  

For children, assessment was focused on listening environments in school settings (LIFE 

questionnaire) as they spend most of their time in that context and the classroom is a 

disadvantageous listening environment. Children reported major difficulties managing in noisy 

situations and focussing attention during school time, but surprisingly they also reported some 

difficulties in quiet situations. It is important to remember that classrooms are never really quiet as 

noise levels at school are often above recommended levels (Crandell & Smaldino, 2000; Howard et 

al., 2010; Shield et al., 2015). This is an important observation since preferential seating favouring 
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the good ear is a common recommendation for children with UHL at school, and this may not be 

sufficient to overcome the listening difficulties they experience, even in ‘quiet’ learning situations. 

Although the LIFE questionnaire did not assess listening effort/fatigue directly, our findings 

suggests that children with UHL perceived difficulties at school time mostly with highly demanding 

activities probably requiring multi-tasking abilities. The difficulties reported by children with UHL 

in the classroom setting are consistent with Dancer and colleagues’ investigation of teachers’ 

perceptions of a group of 18 children with UHL (17 of them with a moderate or severe to profound 

hearing loss) (Dancer et al., 1995). The teachers completed the Screening Instrument for Targeting 

Educational Risk (SIFTER) questionnaire, which assesses the child’s performance relative to their 

classmates, and reported significant differences compared to normal hearing controls. Most of the 

participants were hearing device users (hearing aids or assistive listening devices). SIFTER scores 

fell into the ‘marginal’ category according to the SIFTER profile for academics, attention and 

communication areas indicating that the children were at risk of having difficulties that would 

require educational assistance. The question concerning attention span produced the lowest scores 

(Dancer et al., 1995), consistent with the finding that children in the current study reported 

difficulties for school situations requiring focussed listening. Although the SIFTER is a screening 

rather than a diagnostic tool, this result suggests that children with UHL are at higher educational 

risk than their classmates. This is in line with the findings of Bess et al. (1986a) who reported that, 

in a sample of 60 children with sensorineural UHL, about a half had educational difficulties such as 

failing a grade and/or requiring special assistance. Information on educational progress was not 

obtained for children in the current study but it would be worthwhile in future studies to evaluate 

both educational progress and teachers’ perceptions of classroom listening in order to determine 

how well such measures correlate with assessments of speech perception in noise and sound 

localisation or cortical responses. 

Hearing technology may help to reduce listening effort and fatigue for children with UHL in 

classroom settings and for adults who have occupations involving demanding listening situations, if 
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technology is effective in improving the signal-to-noise ratio and hence reducing the cognitive 

resources needed for listening and processing auditory information (Mccoy et al., 2005; Ronnberg 

et al., 2011). As the signal becomes more accessible to the individuals with UHL, this should allow 

them to use cognitive processes to accomplish other activities. Listening effort has not been widely 

investigated in people with UHL and hence is an area that warrants further research. 

Some of the children in the current study did not perceive major listening problems at 

school. This might be explained by self-perceptions of difficulty being highly dependent on the 

individual’s interaction with their environment (Chang, Ho, & Chou, 2009; Noble & Hétu, 1994; 

Swan & Gatehouse, 1990), or children may not have been aware of their difficulties. Parents 

reported that their children with UHL were experiencing listening difficulties over a wide range of 

situations. Spatial hearing was perceived as poorest, consistent with previous studies in which 

hearing asymmetry was associated with higher levels of difficulties for spatial hearing tasks such as 

perception of distance (near and far) (Noble & Gatehouse, 2004).   

Two of the participants (an adult and a child) reported on in some detail in Chapters 6 and 8 

were provided with amplification. Both cases had complete hearing loss in the right ear but the 

adult’s hearing loss was acquired after surgery and the child lost his hearing in one ear in early 

childhood. As has been reported in previous studies there was some mismatch between the 

behavioural measures and functional assessments for both cases. A mismatch between self-reported 

difficulties and hearing impairment was found by Banh et al. (2012) who found no correlation 

between pure tone thresholds and SSQ questionnaire responses in a sample of 96 adults, although 

there was  a weak correlation for the Spatial subscale for the older participants. This suggests that 

behavioural auditory measures used in this research and other studies of UHL are not able to 

provide a full description of auditory functionality for cases with UHL. Thus audiological 

management of UHL should be tailored for each person and should consider factors beyond the 

pure tone audiogram, and clinical measures of speech perception and sound localisation. 

Questionnaires such as the LIFE and SSQ can capture the broader impact of UHL. Factors such age, 
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hearing loss ear, degree of hearing loss, types of listening activities, ability to utilise monaural cues 

to localise sound, access to visual cues and communication adaptations of communication partners, 

and classroom teachers and colleagues could all impact on an individual’s experience of UHL.  

We observed that both children and adults reported difficulties for several SSQ domains, 

indicating that their hearing loss was affecting them for a range of daily life activities. Interestingly 

adults reported similar difficulties to children, however, the increased need for concentration 

(listening effort) was perceived as the most negative consequence of a UHL for adults. The 

questionnaires used in this research allowed to us to describe the effects of a UHL in different 

contexts, and provided a detailed description of the auditory abilities for each individual. These 

questionnaires should be used clinically to ensure that the full impact of UHL is captured. 

Cortical Auditory Evoked Potentials 

Overall, this research showed that UHL had measureable effects on auditory cortical activity, as 

indicated by speech-evoked CAEPs. Both children and adults showed atypical CAEP patterns 

compared to the normal hearing controls. Adults showed changes in the normal contralateral 

asymmetry (for N1 amplitude), mainly for right ear hearing loss (left ear presentation), with a 

reduction in the contralateral hemisphere dominance compared to normal hearing controls. Changes 

in cortical dominance with monaural deprivation appear to be age-dependent. In animal models 

when monaural deprivation occurs during development of the auditory system, the contralateral 

aural dominance pattern observed in normal hearing changes in favour of the good ear, indicating a 

stronger representation of this ear at cortical level (Kral, Hubka, Heid, & Tillein, 2013; Kral, Heid, 

Hubka, & Tillein, 2013). 

Previous studies have reported: 1) changes in hemisphere dominance for a left ear hearing 

loss (Hanss et al., 2009; Khosla et al., 2003), 2) a normal contralateral hemisphere dominance 

pattern for adults with UHL (Hine et al., 2008; Vasama et al., 1995; Vasama & Mäkelä, 1997), and 

3) higher ipsilateral hemisphere activity (to the stimulated ear) in UHL (Li et al., 2006; Po-Hung et 
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al., 2012; Ponton et al., 2001). These inconsistences across studies may reflect factors such as 

varying aetiology of hearing loss (e.g. acoustic neuroma, congenital single sided deafness and 

sudden hearing loss), and duration (from two up to 18 years), onset (early and late), degree 

(moderate to profound) and side of the UHL, and methodological differences such as type of 

stimulus (e.g. tones, syllables) and small sample sizes in most EEG studies (ranging from 6 to 19 

participants). This variation suggests that it is time that more attention is paid to the specific 

features of a UHL when considering probable outcomes and making management decisions. 

For our sample contralateral hemisphere dominance (for N1 amplitude contralateral 

hemisphere dominance, %) correlated with the duration of the hearing loss in adults. Longer 

durations of UHL were associated with less asymmetric hemisphere responses elicited by /di/, 

suggesting that this stimulus condition was sensitive to the time course of auditory plasticity within 

the central auditory system due to a monaural deprivation. Prospective longitudinal group studies 

are needed to determine how behavioural measures findings change over time with CAEP 

asymmetries to determine the functional impact of such changes in CAEP asymmetry. We found a 

significant correlation between N1 amplitude and speech recognition in noise scores for adult 

participants. Correlations between speech measures and N1 amplitudes for CAEPs elicited by 

speech stimuli and measured at Cz have also been reported for normal hearing individuals (S. 

Anderson et al., 2010; C. Billings et al., 2013; Parbery-Clark et al., 2011). There is also some 

evidence for this correlation in people with bilateral hearing loss (C. J. Billings, Penman, McMillan, 

& Ellis, 2015). Our results suggest that N1 amplitude elicited by /di/ might be a useful objective 

indicator of speech perception in noise in people with UHL. However, recent reports indicate that 

although correlations between N1 and speech perception are evident in normal hearing individuals, 

in people with hearing loss further research is needed to accurately predict auditory behaviour using 

CAEPs as larger errors are evident (C. J. Billings et al., 2015). This is likely to reflect the range of 

factors contributing to speech perception in people with hearing loss. 



 208 

Children with UHL showed atypical responses compared to normal hearing controls. Their 

CAEPs showed a lack of hemisphere dominance for P1 amplitude and frontal dominance for N250 

amplitude. Also, P1 and N250 latency delays were observed. CAEP patterns obtained in the 

children with UHL were consistent with immature cortical responses (Kurtzberg et al., 1984) and 

atypical responses seen in different clinical populations (Choudhury & Benasich, 2011; Shafer et 

al., 2007).   

The CAEP findings suggest that cortical responses could provide useful information about 

the state of the auditory cortex, which could help clinicians to determine whether it is appropriate to 

provide amplification. Poorer CAEP responses may suggest the necessity for earlier intervention to 

avoid functional and/or anatomical changes. From our case study of a child with UHL who received 

a cochlear implant, we were able to observe an improvement in CAEPs after 12 months of 

implantation indicating that auditory cortex changes were occurring. This is consistent with the 

evidence from animal studies that cortical reorganisation can occur after monaural deprivation and 

restoration of auditory input (Kral et al., 2015; Kral et al., 2013; Kral et al., 2013). Earlier cochlear 

implantation might have resulted in larger and/or faster changes, but there is currently no clear 

evidence about the optimal time for cochlear implantation for a child with UHL (J. P. M. Peters, 

Ramakers, Smit, & Grolman, 2016).   

Left ear UHL was associated with smaller and delayed responses compared to right ear 

UHL.  Interestedly, our cortical data were obtained from the good ear suggesting that despite the 

presence of a “normal” ear, UHL triggers changes in cortical organisation in response to the lack of 

sensory input form one ear. The longitudinal data obtained from the two case studies showed that it 

is possible to observe evidence for quite dynamic auditory plasticity even in adulthood. This has 

been reported previously for adults with an abrupt profound UHL onset due to acoustic tumour 

removal (Maslin et al., 2013b), whose changes in hemispheric asymmetry varied over time in a non-

linear way. Nonlinear changes in cortical responses were presumed to be due to functional and/or 

anatomical mechanisms triggered by the UHL within the auditory cortex, including functional 
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changes such as unmasking whereby the inhibitory input from the affected ear is lost over the 

contralateral hemisphere (Buonomano & Merzenich, 1998). This would trigger the changes seen in 

the hemispheric asymmetry after the onset of the profound hearing loss. A misbalance of the 

inhibitory-excitatory pattern within the auditory system due to a UHL will produce such changes in 

the hemisphere activity asymmetry (J. Eggermont, 2016).  

Our findings support the idea that differential changes as a function of age take place within 

the auditory cortex. Adults showed changes in contralateral dominance whereas children presented 

with atypical CAEP responses. CAEP morphology in children with UHL differed from results for 

normal hearing children. Differences from the norm in the distribution of cortical response suggests 

that normal maturational changes are disrupted by lack of binaural hearing. There were differences 

in the aetiology of adult and child groups, however, and hence it is not possible to generalise these 

results. Most of the children had a moderate to severe conductive hearing loss due to an aural 

atresia, whereas adults mainly had late onset acquired UHL.   

Currently, despite the availability of several hearing devices suitable for treatment of UHL, 

there is no consensus about the best audiological approach for people with UHL. Hearing devices 

such as osseointegrated bone conduction devices, CROS hearing aid systems and more recently 

cochlear implants provide some benefits for people with UHL but there is a lack of randomised 

controlled trials comparing different technologies for adults and children with UHL. Several factors 

such as a person’s daily life environment, listening demands and activities and age are likely to 

influence outcomes with technology for people with UHL. Close monitoring may be necessary for 

children with UHL in order to determine need and benefits from technology (Krishnan & Van 

Hyfte, 2016). The current research suggests that the assessment of self-perceived difficulties using 

questionnaires is an important tool for identifying individual needs and should help to improve 

decisions about amplification for people with UHL.  

Interestedly, plasticity seen within the auditory system as evidenced by changes in CAEPs 

over time in the child and adult case appeared to be quite dynamic as reflected by CAEP responses 
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changes after an abrupt onset of auditory deprivation or the introduction of new input. This is 

consistent with other research showing rapid onset of cortical changes with onset of hearing loss or 

provision of amplification (i.e. Cochlear implants) (K. A. Gordon, Jiwani, & Papsin, 2011; A. 

Sharma et al., 2016; A. Sharma & Campbell, 2011; Thai-Van, Veuillet, Norena, Guiraud, & Collet, 

2010) This has potential clinical implications and suggests a need for close monitoring of 

intervention outcomes.    

Study limitations 

It is possible that significant differences were not observed (i.e. lack of statistical power) due 

to the small sample number and the heterogeneity in the groups of participants. Results that were 

observed for the behavioural tests and questionnaires were consistent with previous studies, 

however. Most studies examining the impact of UHL have used similar small samples due to the 

difficulty of recruiting large numbers of participants with UHL; multi-site studies and meta-analysis 

may be needed to solve this problem. 

 Speech, language, cognition and auditory processing (e.g., temporal discrimination) were 

not formally assessed in the current studies so is not possible to rule out comorbidity of other 

conditions such as poor working memory and attention or language deficits that could contribute to 

poor speech recognition in noise, and that could be associated with different patterns of cortical 

responses.   

Future research  

So far we do not know which children with UHL will present with later difficulties such as 

language delays, speech problems or will require school assistance. Consequently many clinicians 

tend to monitor rather than actively treat UHL in children. Due to newborn screening programs 

clinicians are diagnosing very young children with UHL. Longitudinal studies of CAEPs in these 

children, alongside age-matched controls with normal hearing would be helpful to explore the time 
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course of CAEP effects in infants and young children with UHL. This might help to delineate an 

optimal time period for intervention.  

There is evidence that auditory reorganization processes differ as a function of the time at which the 

deprivation occurred (adulthood versus early infancy) (K. Gordon et al., 2015). Long term follow 

up of both infants and adults would improve understanding of the differences in auditory plasticity 

in the immature auditory system of an infant affected by a UHL versus an adult who already has a 

well-developed binaural central auditory pathway. We did not assess children younger than 4 years 

of age and there is limited published information on UHL in very young children. Better 

understanding of auditory development in young children with UHL is particularly important now 

that there is some evidence for success with cochlear implants in older children and adults and it has 

therefore become more critical to understand the optimal timing of intervention (K. A. Gordon, 

Wong, & Papsin, 2013). This is less critical with less expensive and less invasive treatment 

approaches such as CROS aids where a ‘trial and error’ approach is possible.       

Future research should consider the analysis of other cortical responses such as P2 in adults, 

as this response is associated with attention and cognitive functions and is affected by  hearing loss 

and training (J. Campbell & Sharma, 2015; B. Ross, Jamali, & Tremblay, 2013; Tremblay, 2007). 

Information on P2 changes with UHL may provide a more comprehensive view of the changes that 

occur with UHL. As most participants with UHL noted higher levels of “effort” to listen it would be 

useful to determine the relationship between P2 measures during active and passive listening tasks 

and self-perception of listening effort.   

In line with previous studies we were not able to show a significant relationship between 

behavioural measures and the hemispheric asymmetry index for the UHL adults. There is, however, 

growing evidence that cortical changes due to a UHL should have perceptual consequences. For 

example, older adults who show a more symmetric hemispheric activity pattern for cortical 

responses have more difficulty differentiating acoustic cues with fast temporal variations (Bellis et 

al., 2000). Other studies have also linked temporal discrimination to speech perception and hence 
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future studies should assess temporal processing skills in people with UHL. Adults with UHL have 

poorer gap detection in noise (Mishra et al., 2015), poorer perception of filtered and time-

compressed words in the good ear compared to controls (Calderón-Leyva et al., 2016) and smaller 

intensity discrimination thresholds in the good ear (Maslin et al., 2015). All this evidence suggests 

functional reorganization within the auditory system that affects the good ear as well as the poorer 

ear. The presumption that the one good ear in a person with UHL will develop compensatory skills 

is not supported by this research, although there may be a difference between adaptive changes 

associated with left and right ear UHL and more research is needed to better understand this. 

Evidence from the current study and previous research for the effects of hearing loss ear and 

severity of hearing loss on outcomes suggests that these factors should be incorporated into 

management guidelines for UHL. 

 

Final remarks 
 

1. People with a unilateral hearing loss have major difficulties recognising speech in noise and 

localising sounds in the horizontal plane, when they are not able to move their head. 

2. Adults and children reported higher levels of difficulty due to their hearing loss compared to 

controls across listening situations. Activities which require concentration and attention (i.e. 

listening effort) are reported as the most challenging for adults with UHL. 

3. Our data suggest that plasticity mechanisms are triggered within the auditory cortex by 

monaural deprivation from UHL, however the extent and characteristics of these changes may 

depend on several factors such as age when the measures are performed, severity of the hearing 

and possibly the onset and aetiology of the hearing loss (although we did not find evidence for 

these two factors in these studies). 

4. CAEPs would be a useful tool to assess auditory cortex function in people with UHL providing 

information about the status of the neural encoding of speech signals. More data is needed for 
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children with normal hearing so that normal maturational pattern for CAEPs is better defined 

and standardised testing protocols are needed. 

5. Audiological management using amplification provide different benefits for the case studies 

with UHL investigated here. It was valuable monitoring performance over time, highlighting the 

need for more prospective studies of amplification. Changes in performance may or may not be 

associated with changes in objective measures. 

6. Treatment plans for people with UHL should be tailored according the individual person’s 

needs as there appears to be considerable variability in this population. 
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APPENDIX 5: Advertisement 
 

Research Project: Auditory processing in adults with unilateral 
hearing loss – Seeking control participants aged 18 to 55 
years with normal hearing  

One of the most common communicative difficulties experienced by listeners with 
and without hearing loss is understanding spoken conversations in noisy places and 
knowing where a sound is coming from. The main goal of this part of our study is to 
evaluate some newly recorded New Zealand speech material, brain responses and 
sound localisation abilities to obtain normative data for adults with normal 

hearing, so that we can better understand the effects of unilateral hearing loss.  
 
You can participate in two manners: 1) we would test you hearing and speech perception and sound 
localization. For the hearing testing you will be asked to listen to soft sounds in each ear (through earphones). 
Then you will sit in front of an array of loudspeakers, and point to the speaker where a word is coming from. 
You will be asked to listen to, and repeat back words and sentences heard in the presence of background noise. 
This is similar to listening to someone speak at a crowded social event, and 2) The next step will be to attach 
small sensors over your skin, one on the top of the head, one on the forehead and behind one ear. You will 
hear sounds for a short period of time and a computer will record the brain responses to the sound. You can 
participate in one or both tests depending on your preference and availability. 
 

This will help in the future to provide reliable hearing tests for the population of New Zealand. We invite you 
to take part of this study. We will use results of this study to determine how well people with unilateral 
hearing loss understand speech and localise sounds compared to people with normal hearing.  

The testing will take about 2hrs for speech in noise and sound localisation tests and an additional 1:30 hrs for 
brain responses testing. The assessments will be at University of Auckland’s Tamaki Campus (261 Morrin 
Road, St Johns). ($10 shopping voucher will be provided for each session).  

If you are interested or need more information please contact to: Oscar Cañete, tel 3737599 ext. 86886, Email: 
ocan093@aucklanduni.ac.nz 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE ON 23 
JULY 2013 FOR 3 YEARS REFERENCE NUMBER 9277 
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School of Psychology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
 

 
PARTICIPANT INFORMATION SHEET 

 
- FOR ADULTS WITH NORMAL HEARING (Control Participants) 

 
 
Research Project: Behavioural and evoked potential measures of auditory processing in adults with 
unilateral hearing loss (UHL)  

 
 
Lead researcher: Professor Suzanne Purdy, Head of Speech Science 
 
Student researcher: Oscar Cañete Sepúlveda, PhD student, Speech Science 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
One of the most common communicative difficulties experienced by listeners with and without hearing loss is 
understanding spoken conversations in noisy places and to know where a sound is coming from. The main 
goal of this part of our study is to evaluate some newly recorded New Zealand speech material, sound 
localisation abilities and auditory brain responses to obtain normative data of adults with normal hearing. 
 
This will help in the future to provide reliable hearing tests for the population of New Zealand. We invite you 
to take part of this study. We will use results of this study to determine how well people with unilateral 
hearing loss understand speech compared to people with normal hearing. 
 
All research will take place at the Tamaki campus of the University of Auckland. Participation is 
voluntary. You will receive a petrol or shopping voucher for your participation. 
  
There is no a direct benefit for you but If you take part of this study you may help to improve future auditory 
assessment and rehabilitation for people with hearing problems.  
 
Project procedures 
 
This study will include adults aged from 18 to 55 years who have normal hearing. 
 
For the hearing testing you will listen to some soft sounds in each ear (through earphones)  and raise your hand 
if a sound is heard.  
 
Next, you will sit in front of some loudspeakers, from one of them a word will be said and you point to where 
the word is coming from. Then you will be asked to listen to, and repeat back words and sentences heard in 
the presence of background noise. This is similar to to listening to someone speak at a crowded social event. 
 
The next step will attach small sensors over your skin, one on the top of the head, one on the forehead and 
behind one ear. You will hear sounds for a short period of time and a laptop will record the brain responses to 
the sound. 
 
All the hearing assessment will take about 90 minutes.  
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There are no physical or emotional risks associated with any of the tests that will be used in this study. However 
there is the possibility that you could find out about hearing difficulties you were not previously aware. If this 
is the case, the researches will refer you back to an audiology clinic for more detailed assessment. 
 
Data storage/retention/destruction/future use 
 
Your data will be kept confidential and you will not be identified in the final results analysis. People taking 
part in the research will not be identified when the results are reported. Data will be stored on a password 
protected PC and paper data will be stored in a locked cabinet for six years after which it will be shredded and 
electronic data deleted. Data collected will be used exclusively for this research and not for any other purposes. 
 
 
Importantly, you can withdraw of this study at any time without explanation, and you may withdraw 
your data until October 2014 without implying any consequences to you.  This research does not have any 
financial sponsorship of any public or private institution. The researchers do not receive any payment for 
conducting this research. If you decide not participate this will not affect your medical appointments or medical 
services. 
 
You may request a summary of findings and a report of your results. 
 
CONTACTS 
 
The Head of Department of Psychology is: 
 
A/Professor Doug Elliffe 
Department of Psychology 
University of Auckland 
Private Bag 92019, Auckland 
Tel: 373 7599 ext. 88557 
d.elliffe@auckland.ac.nz 
 
Contact details of researchers 
 
Professor Suzanne Purdy 
Speech Science 
Department of Psychology 
Tamaki Campus Rm 721.319 
University of Auckland 
Private Bag 92019, Auckland 
Tel: 373 7599 ext. 82073 
sc.purdy@auckland.ac.nz 
 
 
 
Mr Oscar Cañete Sepúlveda 
Speech Science 
School of Psychology 
Tamaki Campus Rm 721-340 
University of Auckland 
Private Bag 92019, Auckland 
Tel: c/- Sue O‟Shea Speech Science Administrator ph. 373 7599 ext. 86886 
ocan093@aucklanduni.ac.nz 
 
Professor Peter Thorne 
School of Population Health,  
University of Auckland 

mailto:sc.purdy@auckland.ac.nz
mailto:ocan093@aucklanduni.ac.nz
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pr.thorne@auckland.ac.nz 
 
 Mr Colin R S Brown, FRACS 
 Ear Specialist Otolaryngologist 
 Starship Children's Hospital 
 Auckland 
Tel: 021 344 997 
colin@ear.co.nz 
 
Andrea Kelly PhD, MNZAS 
Professional Leader 
ADHB Audiology 
Tel: 09 3074949 x 27301 
AndreaK@adhb.govt.nz 
 
Mr Michel Neeff 
Ear Specialist Otolaryngologist 
Starship Children's Hospital 
Green Lane Hospital 
Auckland 
MichelN@adhb.govt.nz 
 
 
 
Chair contact details: For any queries regarding ethical concerns you may contact the Chair, The 
University of Auckland Human Participants Ethics Committee, The University of Auckland, 
Research Office, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 87830/83761. 
Email: humanethics@auckland.ac.nz.‖  
 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 
COMMITTEE ON 16 December 2013 FOR (3) YEARS REFERENCE NUMBER 9277 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mailto:pr.thorne@auckland.ac.nz
mailto:colin@ear.co.nz
mailto:AndreaK@adhb.govt.nz
mailto:MichelN@adhb.govt.nz
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APPENDIX 7: Participant Information Sheet II (UHL participants) 
 

 
 

School of Psychology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
 

 
PARTICIPANT INFORMATION SHEET 

 
 

Behavioural and evoked potential measures of auditory processing in adults with unilateral hearing 
loss (UHL)  

 
 
Lead researcher: Professor Suzanne Purdy, Head of Speech Science 
 
Student researcher: Oscar Cañete Sepúlveda, PhD student, Speech Science 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
 
In the past, Unilateral Hearing Loss (UHL) was considered to be of little consequence because speech and 
language was presumed to develop properly with one normal hearing ear. Several studies have suggested that 
people with UHL have more, educational and behavioral hearing difficulties in daily life, than previously 
suspected. This study of people who can hear only with one ear only will investigate how UHL can affect some 
of the auditory skills needed for daily life. This will help in the future to select the best treatment options for 
people. The purpose of the following information is to invite you to take part of this study. 
 
All research will take place at the Tamaki campus of the University of Auckland. Participation is 
voluntary. You will receive a petrol or shopping voucher for your participation. 
  
There is no a direct benefit for you but If you take part of this study you may help to improve future auditory 
rehabilitation for people who have this type of hearing loss.  
 
Project procedures 
 
This study will include adults from 18 to 55 years who have a unilateral hearing loss. 
 
You will have to answer a questionnaire about your listening abilities. For the hearing testing you are going to 
listen to some soft sounds in each ear (through earphones), you raise your hand if a sound is heard. To test the 
middle ear an earplug will be put in the ear sounds will be heard at different levels while the pressure in the 
ear canal changes.  
 
Next, you will sit in front of some loudspeakers, from one of them a word will be said and you point to where 
the word is coming from. Next you will be asked to listen to, and repeat back words heard in the presence of 
background noise. This is equivalent to listening to someone speak at a crowded social event. 
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The next step will attach three small sensors over your skin, one on the top of the head, one on the forehead 
and behind one ear. A small earplug will be placed in your good ear. You will hear sounds for a short period 
of time and a laptop will record the brain responses to the sound. 
 
All the hearing assessment will take about 70 minutes.  
 
There are no physical or emotional risks associated with any of the tests that will be used in this study. However 
there is the possibility to find out hearing difficulties you were not previously aware (eg in the good ear). If 
this is the case, the researches will refer you back to the otolaryngologist. 
 
Data storage/retention/destruction/future use 
 
Your data will be kept confidential and you will not be identified in the final results analysis. People taking 
part in the research will not be identified when the results are reported. Data will be stored on a password 
protected PC and paper data will be stored in a locked cabinet for six years after which it will be shredded and 
electronic data deleted. Data collected will be used exclusively for this research and not for any other purposes. 
 
Importantly, you can withdraw of this study at any time without explanation, and you may withdraw 
your data until October 2014 without implying any consequences to you.  This research does not have any 
financial sponsorship of any public or private institution. The researchers do not receive any payment for 
conducting this research. If you decide not participate this will not affect your medical appointments or medical 
services. 
 
You may request a summary of findings and copy of the reports. 
 
CONTACTS 
 
The Head of Department of Psychology is: 
 
A/Professor Doug Elliffe 
Department of Psychology 
University of Auckland 
Private Bag 92019, Auckland 
Tel: 373 7599 ext. 88557 
d.elliffe@auckland.ac.nz 
 
 
 
Contact details of researchers 
 
Professor Suzanne Purdy 
Speech Science 
Department of Psychology 
Tamaki Campus Rm 721.319 
University of Auckland 
Private Bag 92019, Auckland 
Tel: 373 7599 ext. 82073 
sc.purdy@auckland.ac.nz 
 
Mr Oscar Cañete Sepúlveda 
Speech Science 
School of Psychology 
Tamaki Campus Rm 721-340 
University of Auckland 
Private Bag 92019, Auckland 
Tel: c/- Sue O‟Shea Speech Science Administrator ph. 373 7599 ext. 86886 
ocan093@aucklanduni.ac.nz 

mailto:sc.purdy@auckland.ac.nz
mailto:ocan093@aucklanduni.ac.nz
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Professor  Peter Thorne 
School of Population Health,  
University of Auckland 
pr.thorne@auckland.ac.nz 
 
 Mr Colin R S Brown, FRACS 
 Ear Specialist Otolaryngologist 
 Starship Children's Hospital 
 Auckland 
Tel: 021 344 997 
colin@ear.co.nz 
 
Andrea Kelly PhD, MNZAS 
Professional Leader 
ADHB Audiology 
Tel: 09 3074949 x 27301 
AndreaK@adhb.govt.nz 
 
Mr Michel Neeff 
Ear Specialist Otolaryngologist 
Starship Children's Hospital 
Green Lane Hospital 
Auckland 
MichelN@adhb.govt.nz 
 
Chair contact details: ―For any queries regarding ethical concerns you may contact the Chair, The University 
of Auckland Human Participants Ethics Committee, The University of Auckland, Research Office, Private 
Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 87830/83761. Email: 
humanethics@auckland.ac.nz.‖ APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN 
PARTICIPANTS ETHICS COMMITTEE ON 12 APRIL 2013 FOR (3) YEARS REFERENCE NUMBER 
9277 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mailto:pr.thorne@auckland.ac.nz
mailto:colin@ear.co.nz
mailto:AndreaK@adhb.govt.nz
mailto:MichelN@adhb.govt.nz
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APPENDIX 8: Participant Information Sheet III (Parents/Caregivers) 
 
 

 
School of Psychology 

Room 321, Building 721 
261 Morrin Road, Glen Innes 

Phone: +64 9 373 7599 ext 86886 or 86852 
The University of Auckland  

Private Bag 92019 
 Auckland, New Zealand 

 
 

PARTICIPANT INFORMATION SHEET FOR PARENTS/CAREGIVERS 
 
 
 
Behavioural and evoked potential measures of auditory processing in adults and 

children with unilateral hearing loss (UHL)  
 

 
Lead researcher: Professor Suzanne Purdy, Head of Speech Science 
 
Student researcher: Oscar Cañete Sepúlveda, PhD student, Speech Science 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
In the past, Unilateral Hearing Loss (UHL) was considered to be of little consequence because speech and 
language was presumed to develop properly with one normal hearing ear. Several studies have suggested that 
children with UHL may have daily life, educational and behavioral hearing difficulties, no were compared 
with their normal hearing peers. This study of children who can hear well with one ear will investigate how 
UHL can affect some of the auditory skills needed for daily life. This will help in the future to select the best 
treatment options for children. The purpose of the following information is to invite your child to take part of 
this study. 
 
All research will take place at a Tamaki campus of University of Auckland. Participation is voluntary. We will 
contribute to your travel expenses to the research (petrol or shopping voucher provided) 
 
If your child takes part of this study your child may help to improve future auditory rehabilitation for children 
who have a hearing loss.  
 
 
Project procedures 
 
This study will include children from 5 to 16 years who have unilateral hearing loss (one bad ear). 
 
We will begin with a small interview about your child’s listening skills. For the hearing testing your child is 
going to listen to some soft sounds in each ear (through earphones), he/she must raise the hand if a sound is 
heard. To test the middle ear an earplug will be put in the ear, there is a slight pressure change, at the same 
time sounds will be heard at different levels, some of them will be quite loud but they are going to be brief 
sounds.   
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Next, the child will sit in front of some loudspeakers, from one of them a word will be said and he/she points 
to where the word is coming from. Next your child will be asked to listen to, and repeat back words heard in 
the presence of background noise. This is equivalent to listening to someone speak at a crowded social event. 
 
The next step will attach small sensors over his/her skin, one on the top of the head, one on the forehead and 
behind the ears. Your child will hear sounds for a short period of time and a laptop will record the brain 
responses to the sound. He/she will be able to watch a movie during the testing. 
 
All the hearing assessment will take about 2 hours (without breaks). We can do the assessment in one or two 
sessions according your convenience.  
 
There are no physical or emotional risks associated with any of the tests that will be used in this study. However 
there is the possibility to find out hearing difficulties you were not previously aware (eg in the good ear). If 
this is the case, the researches will refer your child back to the otolaryngologist. 
 
Data storage/retention/destruction/future use 
 
Your child’s will be kept confidential and people taking part in the research will not be identified when the 
results are reported. Data will be stored on a password protected PC and paper data will be stored in a locked 
cabinet for six years after which it will be shredded and electronic data deleted. Data collected will be used 
exclusively for this research and not for any other purposes. 
 
Importantly, your child can withdraw of this study at any time without explanation, and he/she may withdraw 
his/her data until October 2014 without implying any consequences to you.  This research does not have any 
financial sponsorship of any public or private institution. The researchers do not receive any payment for 
conducting this research.  
 
You may request a summary of findings and copy of the reports. 
 
CONTACTS 
 
The Head of School of Psychology is: 
 
William Hayward 
School of Psychology 
University of Auckland 
Private Bag 92019, Auckland 
Tel: +64 9 923 8516 
w.hayward@auckland.ac.nz 
 
Contact details of researchers 
 
Professor Suzanne Purdy 
Speech Science 
Department of Psychology 
Tamaki Campus Rm 721.319 
University of Auckland 
Private Bag 92019, Auckland 
Tel: 373 7599 ext. 82073 
sc.purdy@auckland.ac.nz 
 
Mr Oscar Cañete Sepúlveda 
Speech Science 
School of Psychology 
Tamaki Campus Rm 721-340 
University of Auckland 
Private Bag 92019, Auckland 

mailto:w.hayward@auckland.ac.nz
mailto:sc.purdy@auckland.ac.nz
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Tel: 373 7599 ext. 87818 
ocan093@aucklanduni.ac.nz 
 
Professor  Peter Thorne 
School of Population Health,  
University of Auckland 
pr.thorne@auckland.ac.nz 
 
 
 Mr Colin R S Brown, FRACS 
 Ear Specialist Otolaryngologist 
 Starship Children's Hospital 
 Auckland 
Tel: 021 344 997 
colin@ear.co.nz 
 
Andrea Kelly PhD, MNZAS 
Professional Leader 
ADHB Audiology 
Tel: 09 3074949 x 27301 
AndreaK@adhb.govt.nz 
 
Mr Michel Neeff 
Ear Specialist Otolaryngologist 
Starship Children's Hospital 
Green Lane Hospital 
Auckland 
MichelN@adhb.govt.nz 
 
Chair contact details: ―For any queries regarding ethical concerns you may contact the Chair, The 
University of Auckland Human Participants Ethics Committee, The University of Auckland, Research 
Office, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 87830/83761. Email: 
humanethics@auckland.ac.nz.‖  
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 
COMMITTEE ON 25 /June/14 FOR (3) YEARS REFERENCE NUMBER 9277 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mailto:ocan093@aucklanduni.ac.nz
mailto:pr.thorne@auckland.ac.nz
mailto:colin@ear.co.nz
mailto:AndreaK@adhb.govt.nz
mailto:MichelN@adhb.govt.nz
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APPENDIX 9: Consent form for adults I (Controls participants) 
 

 
School of Pyschology 

Room 321, Building 721 
261 Morrin Road, Glen Innes 

Phone: +64 9 373 7599 ext 86886 or 86852 
The University of Auckland  

Private Bag 92019 
 Auckland, New Zealand 

 
CONSENT FORM FOR ADULTS WITH NORMAL HEARING  

(Control Participants) 
THIS FORM WILL BE HELD FOR A PERIOD OF 6 YEARS 

 
Behavioural and evoked potential measures of auditory processing in adults 

with unilateral hearing loss (UHL)  
 
Lead researcher: Professor Suzanne Purdy, Head of Speech Science 
 
Student: Oscar Cañete Sepúlveda, PhD student. Speech Science 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
I have read the Participant Information Sheet, have understood the nature of the research and why I 
have been selected. I have had the opportunity to ask questions and have them answered to my 
satisfaction. 
 
 

• I agree to take part in this research.  
 

• I understand that data will be kept for 6 years, after which they will be destroyed.  
 

• I understand there are no physical or emotional risks associated with any of the tests that will be used 
in this study. However there is the possibility you will find out about hearing difficulties you were not 
previously aware of. If this is the case the researchers will refer you back to an audiologist for more 
detailed hearing assessment and possible referral to otolaryngology. 

 
• I understand that I am free to withdraw of this study at any time without explanation, and I may 

withdraw my data until October 2014 without implying any consequences to me. 
 

• I understand that if the findings are reported or published my identity will be kept confidential. 

 
 
Please check one of these options: 
 

 I would like to receive a copy of my results and a summary report of the conclusion of     the 
study. 
 

 I would not like to receive a copy of my results and summary report of the conclusion of the study. 
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My email or home address for sending the results and summary report is  
________________________________________________________________________________
________________________________________________________________________________
________________________________________________________________________________
____________________________________________________ 
 
 
 
 
 
 
Name ___________________________ Signature ___________________________  
 
 
Date _________________  
 
 
 
 
 
 
 
 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE 
ON 16 December 2013 FOR (3) YEARS REFERENCE NUMBER 9277 
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APPENDIX 10: Consent form for adults II (UHL participants) 
 

School of Pyschology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
 

CONSENT FORM FOR ADULTS WITH UNILATERAL HEARING LOSS: THIS FORM 
WILL BE HELD FOR A PERIOD OF 6 YEARS 

 
Behavioural and evoked potential measures of auditory processing in adults 

with unilateral hearing loss (UHL)  
 
Lead researcher: Professor Suzanne Purdy, Head of Speech Science 
 
Student: Oscar Cañete Sepúlveda, PhD student. Speech Science 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
I have read the Participant Information Sheet, have understood the nature of the research and why I 
have been selected. I have had the opportunity to ask questions and have them answered to my 
satisfaction. 
 
 

• I agree to take part in this research.  
 

• I understand that data will be kept for 6 years, after which they will be destroyed.  
 

• I understand there are no physical or emotional risks associated with any of the tests that will be used 
in this study. However there is the possibility to find out hearing difficulties you were not previously 
aware (eg in the good ear). If this is the case researches will refer you back to the otolaryngologist. 

 
• I understand that I am free to withdraw of this study at any time without explanation, and I may 

withdraw my data until October 2014 without implying any consequences to me. 
 

• I understand that if the findings are reported or published my identity will be kept confidential. 

 
 
 
 
 
 
Please check one of these options: 
 

 I would like to receive a copy of my results and a summary report of the conclusion of     the 
study. 
 

 I would not like to receive a copy of my results and summary report of the conclusion of the study. 
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My email or home address for sending the results and summary report is  
________________________________________________________________________________
________________________________________________________________________________
________________________________________________________________________________
____________________________________________________ 
 
 
 
 
 
 
Name ___________________________ Signature ___________________________  
 
 
Date _________________  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE 
ON 12 APRIL 2013 FOR (3) YEARS REFERENCE NUMBER 9277 
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APPENDIX 11: Consent form for children II (UHL participants) 
 

 

 
School of Pyschology 

Room 321, Building 721 
261 Morrin Road, Glen Innes 

Phone: +64 9 373 7599 ext 86886 or 86852 
The University of Auckland  

Private Bag 92019 
 Auckland, New Zealand 

 
CONSENT FORM  

THIS FORM WILL BE HELD FOR A PERIOD OF 6 YEARS 
 
Behavioural and evoked potential measures of auditory processing in 

adults and children with unilateral hearing loss (UHL) 
 
Lead researcher: Professor Suzanne Purdy, Head of Speech Sciences 
 
Student: Oscar Cañete Sepúlveda, PhD student. Speech Sciences 
 
Co-investigators: Professor Peter Thorne, School of Population Health, University of Auckland; Mr Colin 
Brown, Otolaryngologist, Dr Andrea Kelly, Head of Audiology, Auckland District Health Board, Mr Michel 
Neeff, Otolaryngologist 
 
I have read the Participant Information Sheet, have understood the nature of the research and why my 
child has been selected. I have had the opportunity to ask questions and have them answered to my 
satisfaction. 
 
 
• I agree  that my child can  take part in this research.  
 
• I understand that my child is free to withdraw participation at any time, and to withdraw any data 

traceable to them  up to a specified date (give an actual date) / period.  
 
• I wish / do not wish to receive the summary of findings.  
 
• I understand that data will be kept for 6 years, after which they will be destroyed.  
 
 
 
Name ___________________________ Signature ___________________________  
 
 
Date _________________  
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APPENDIX 12: Assent form for children I 
 

                                                                School of Psychology (Speech Science)     
                                                                                                                             Building 721, Tāmaki Innovation Campus 
                                                                                                                             261 Morrin Road, The University of Auckland 
                                                                                                                             Private Bag 92019, Auckland 1142 
                                                                                                                             Telephone: +64 9 373 7599 ext. 86886 
                                                                                                                             Facsimile: +64 9 373 7902 
 

                                                                                                     
CHILD ASSENT FORM (V1) 

  (To be read aloud to the child) 

Project title: Behavioural and evoked potential measures of auditory processing in adults and 

children with unilateral hearing loss (UHL) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HI! 

I’m wondering 
if you could 
help me?  

I want to know 
how children 
like you listen 

How we can do that?,  easy! 
 
I give you earphones to hear soft sounds, 
you have to raise your hand each time you 
hear one. 

Then you will sit in front of loudspeakers, we 
are going to play a game to see where a sound 
comes from! 
 
Later you have to repeat some words 
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If you think is OK to be in our study – here is a place for you write it down.  

 

 

 

My name is ……………..…… I understand what 

Oscar will ask me to do and I am happy to do it.  

The date today is__________________ 

 
 
 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 
COMMITTEE ON 14 June 2014, REFERENCE NUMBER:9277. 
 
 
 
 

Later meanwhile you watch tv 
we are going to look how your 
brain works when you are 
listening some sounds 

What I learn about you is kept private. 
People who read the reports about what 
we find out, will not know who the kids 
are who took part. 

If you decide you don’t feel like 
being in my study that’s ok 
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APPENDIX 13: Assent form for children II 
 
 
                                                                 School of Psychology (Speech Science)     
                                                                                                                             Building 721, Tāmaki Innovation Campus 
                                                                                                                             261 Morrin Road, The University of Auckland 
                                                                                                                             Private Bag 92019, Auckland 1142 
                                                                                                                             Telephone: +64 9 373 7599 ext. 86886 
                                                                                                                             Facsimile: +64 9 373 7902 
                                                                                                     

CHILD ASSENT FORM (V2) 

  (To be read aloud to the child) 

Project title: Behavioural and evoked potential measures of auditory processing in adults and 

children with unilateral hearing loss (UHL) 

HI! 

I was wondering if you could help me, I want to know how children like you listen. How we can do 

that?, easy! 

• We give you earphones to hear soft sounds, you have to raise your hand each time you hear one. 

• Then you will sit in front of loudspearks, we are going to play a game to see where a sound comes 

from 

• Later you have to repeat some words 

• Later meanwhile you watch Tv we are going to look how your brain works when you are listening 

some sounds (some sensors will on your head)  

What I learn about you is kept private. People, who read the reports about what I find out, will not 

know who the kids are who took part. 

If you decide you don’t feel like being in me study that’s ok 

If you think is OK to be in me study – here is a place for you write it down. 

My name is ……………..…… I understand what Oscar will ask me to do and I am happy to do 

it.  

The date today is__________________ 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE ON 

25 June 2014, REFERENCE NUMBER: 9277 
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APPENDIX 14: Listening inventory for education questionnaire (LIFE 7NZ) 
 

School of Pyschology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
LIFE-7 (NZ) (Purdy et al., in preparation 2011) 

 
Instructions: What do you think it is like to be in the picture below?  
You have to look at the picture carefully and decide how easy it is to hear the 
teacher. Draw a cross through the box to show your answer. 
 
For example: If 
you think it is 
mostly easy to 
hear the words 
the teacher is 
saying mark the 
box like this: 
 

LIFE-7 (NZ) Questionnaire  
1 

 

It is a quiet day and there is no noise from 
outside the classroom. 
 
How well can you hear the teacher’s words? 

 
 

2 

 

The teacher is talking but there are children 
making a noise outside your classroom. 
 
How well can you hear the teacher’s words? 
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3 

 

The teacher has asked a question to the 
whole class. Someone is giving an answer. 
 
How well can you hear the answer? 

 
 

4 

 

The teacher is talking and moving around the 
room. 
 
How well can you hear the teacher’s words? 

 

5 

 

The teacher is giving a test to the class. 
 
How well can you hear the teacher’s words? 

 

6 

 

There are two teachers in the class. They are 
both talking. One of the teachers is talking to 
you from the front of the class. You need to 
listen to this teacher. 
 
How well can you hear the teacher’s words? 
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7 

 

You are in assembly. 
How well can you hear the teacher’s words? 
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APPENDIX 15: Participants details  
 

 

 
 
 
 

School of Psychology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
 

PATICIPANTS DETAILS 
 

FIRST NAME:______________________________ FAMILY NAME:____________________    

AGE:_______________                                                 DATE OF BIRTH:___________________             

GENDER:     M  / F                     EDUCATION:_____________________ 

Ethnicity 

 European   Maori Asian Middle Eastern/latin American/African 

 Pacific people  

Tongan 
Tokelauan  
Cook Islands Maori  
Niuean  
Tuvaluan  
Samoan  
Fijian  

 

Languages spoken at home 

_______________________________________________________________________________________
_______________________________________________________________________________________
__________________________________________________________________ 

 

 

Previous history of hearing instrument use 

No    Yes    Time:_______________ 

    Hearing aid   BAHA  

HEARING STATUS  

Ref Number:  
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Audiogram   Date:       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Masking  

 

Puretone Average (1 – 2 - 4) Khz 

 Air Bone 

Right ear   

Left ear   

Hz 125 250 500 1000 2000 3000 4000 6000 8000 
          

RE                  
a 

         

b          

LE                   
a 

         

                       
b 

         



 242 

 

Acoustic Reflexes 

Date: 
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APPENDIX 16: The Speech, Spatial, and Qualities of Hearing Scale (SSQ) for 
Children with Impaired Hearing questionnaire  

 

 

The Speech, Spatial, and Qualities of Hearing Scale (SSQ) for 

Children with Impaired Hearing 

 

(Based on the adult SSQ developed by William Noble & 

Stuart Gatehouse; modifications by Karyn Galvin) 

 

 

Child’s Name: ___________________________ Age: ________yrs______mths__ 

 

Evaluation point: ___________________________ 

Condition: Unilateral: Cochlear Implant Hearing Aid 

 Bilateral: Cochlear Implants Hearing Aids 

 Cochlear Implant + Hearing Aid 

 

Right device: Type: ______________________________ Date fitted: _____________ 

 Current usage: all day school only other: ______________________________ 

Left device: Type: ______________________________ Date fitted: _____________ 

 Current usage: all day school only other: ______________________________ 
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INFORMATION & INSTRUCTIONS FOR CLINICIAN 

Background 

This Scale is based on the SSQ developed for adults by William Noble (University of New England, 

Australia) and Stuart Gatehouse (MRC Institute of Hearing Research, Scotland) (Gatehouse, S. and 

Noble, W. (in press) The Speech, Spatial, and Qualities of Hearing Scale, International Journal of 

Audiology; Noble, W. and Gatehouse, S. (in press) Interaural asymmetry of hearing loss, SSQ 

disabilities, and handicap, International Journal of Audiology).  The scale was modified separately 

for parents of children with impaired hearing, for children, and for teachers by Karyn Galvin (The 

University of Melbourne, Australia).  All appropriate aspects of the original scale were retained, 

though difficult or not applicable questions (such as those asking for judgements of the naturalness 

of sound or related to driving a car) were deleted, language was changed to suit the target respondents, 

and scenarios were changed to suit a child’s lifestyle.   

Structure of the scale 

There are many aspects of listening with a cochlear implant or hearing aid that are not evaluated 

during standard speech perception testing.  This Scale aims to obtain information about three areas of 

a child’s daily functioning when listening with cochlear implant(s) and/or hearing aid(s):  

• Section A: Speech – speech understanding in quiet, in background noise, in reverberant 

environments, and on the telephone. 

• Section B: Spatial Hearing – the perception of the position, movement, and distance of sound 

sources. 

• Section C: Qualities of Hearing – the identification of sounds and voices, segregation of sounds, 

and ease of listening. 

Completing the Scale 

As a guide, the Scale may be attempted with children whose oral language is equivalent to that of a 

normally-hearing child of around eight years.  Individuals will vary in their ability to comprehend all 

of the questions, however some useful information may be obtained even if the entire Scale cannot 

be completed.  Some children will also have difficulty grasping the concept of the ruler representing 

the performance range.  It will not be possible to collect valid, reliable results in this case. 

The Scale should be completed by the child under the close supervision of the clinician, as it is vital 

that the questions are correctly interpreted.  The clinician should select a mode of presentation that 
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will maximise the child’s understanding, i.e., use oral, manual and/or written presentation as 

appropriate.  

How to instruct the child 

In instructing the child on how to complete the Scale the clinician should use as a demonstration 

question the sample situation attached as Appendix 1.  The following points should be emphasised: 

• An arrow is marked on the ruler to indicate the number representing the child’s estimate of their 

typical listening performance in the situation described; the arrow may be positioned on marks 

between numbers. 

• Usually the ruler represents the performance range between the descriptors of “Not at all” and 

“Perfectly”; though other terms are employed so the ruler needs to be read carefully.   

• If listening performance cannot be judged the appropriate box is ticked: 

 “Would not hear it” indicates that the voice or sound described in the listening situation 

cannot even be heard. 

 “Not applicable” indicates that the described listening situation is not experienced.  
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Section A: Speech 

 

1. You are talking with your Mum or Dad and there is a TV on in the same room. Without 

turning the TV down, can you understand what your Mum or Dad is saying to you? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

2. You are talking with one person in a quiet room with carpet. Can you understand what the 

other person is saying to you? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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3. You are in a group of about five people, sitting round a table. It is a quiet place.  You can 

see everyone else in the group. Can you understand what the group is talking about? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

4. You are in a group of about five people, sitting round a table.  It is a noisy room, like a busy 

classroom where students are moving around and talking.  You can see everyone in the group 

around your table.  Can you understand what the group is talking about? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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5. You are talking with one person.  There is noise in the background, like a tap running or a 

fan.  Can you understand what the person is saying to you? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

6. You are in a group of about five people, sitting round a table.  It is a noisy room, such as a 

busy classroom where students are moving around and talking.  You cannot see everyone in 

the group around your table.  Can you understand what the group is talking about? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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7. You are talking to someone in a place where there are a lot of echoes, like a school assembly 

hall. Can you understand what the person is saying? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

8. You are talking to one person in a room in which there are many other people talking.  Can 

you understand what the other person is saying? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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9. You are talking with a group of friends and everyone is taking a turn to talk.  Can you 

understand what is being said without missing the start every time a new person starts to talk? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

 

10. Is it easy for you to talk on the telephone with a friend or your Mum or Dad? 

 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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Section B: Spatial Hearing 

 

1. You are outside in a place you haven’t been before.  There is a loud noise from a 

lawnmower or aeroplane that you can’t see.  Can you tell right away where the sound is coming 

from? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

2. You are in a group of about 5 people, sitting round a table.  You cannot see everyone in the 

group.  Can you tell where any person is as soon as they start talking? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 



 
 

252 

3. You are sitting between two friends.  One of them starts to talk.  Can you tell right away if 

it is the friend on the left or on the right who is talking, without having to look? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

 

4.  You are at home and it is quiet.  Your Mum or Dad calls you from another room.  Will you 

know where they are without having to look? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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5. You are outside.  A dog barks loudly.  Can you tell straight away where the dog is, without 

having to look? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

 

6. You are standing on the footpath of a busy street.  You can hear a bus or truck.  Can you 

tell right away where it is coming from before you see it? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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7. You can hear a bus or truck.  Can you tell whether it is coming towards you or moving 

away just from the sound? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

8. You can hear voices or footsteps.  Can you tell if the person is coming towards you or 

moving away just by the sound? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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9. You can hear a bus or truck.  Just from the sound, can you tell which direction it is moving 

(for example, from your left to your right, or from your right to your left)? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

10. You can hear voices or footsteps.  Just from the sound, can you tell which direction the 

person is moving (for example, from your left to your right, or from your right to your left)? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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11. You can hear a bus or truck.  Can you tell how far away it is just from the sound? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

12. You can hear voices or footsteps.  Can you tell how far away the person is just from the 

sound? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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13. Do the things you can hear seem to be inside your head rather than outside in the world?  

For example, if you can see a dog barking across the street, does it sound to you like the dog is 

across the street or does it seem to be inside your head? 

 

Inside my head                                                                                                                   Outside in 
the world 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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Section C: Qualities of Hearing 

 

1. You are in a room with music playing.  Someone starts to talk.  Will you know that someone 

has started speaking (even though you may not know what they are saying)? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

2. Think about when you can hear two noises at once, for example, water running into the 

bath and a radio playing, OR a truck driving past and the sound of knocking at the door.  Do 

you hear these as two separate sounds? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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3. Do you know which person in your family is talking just by the sound of their voice, even 

if you can’t see them? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

4. There is a song that you know playing on the radio or CD.  Is it easy for you to tell what 

song it is just by listening? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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5. Can you tell the difference between noises that are a bit the same, like a car versus a bus, 

OR the tap running and a fan? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

 

 

 

6. Can you tell how someone feels (happy, angry, sad) just by listening to their voice? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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7. Do you have to try very hard when listening to someone or something? 

 

Try very hard                                                                                                                 Don’t try hard 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Do not know  

 

 

 

 

 

8. When you are travelling in the front seat of the car can you easily understand what the 

driver is saying to you? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 



 
 

262 

9. Do you have to try hard to understand what other people are saying? 

 

Try very hard                                                                                                                 Don’t try hard 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Do not know 

 

 

 

 

 

10. Is it easy for you to ignore other sounds when trying to listen to something? 

 

Not easy                                                                                                                                   Easy 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Do not know �  Not applicable 
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Appendix 1 – Sample Listening Situation & Questions 

 

 

You are outside your house.  Your Mum or Dad is talking to you from across the street.  Can 

you understand what they are saying? 

 

Not at all                                                                                                                               Perfectly 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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APPENDIX 17: The Speech, Spatial, and Qualities of Hearing Scale (SSQ) for 
parents of children with Impaired Hearing questionnaire  

 

 

The Speech, Spatial, and Qualities of Hearing Scale (SSQ) 

for Parents of Children with Impaired Hearing 

 

(Based on the adult SSQ developed by William Noble & 

Stuart Gatehouse; modifications by Karyn Galvin) 

 

 

Child’s Name: ___________________________ Age:

 ________yrs______mths__ 
Completed by: ___________________________  (Mo / Fa / Other) 

 

Evaluation point: ___________________________ 

Condition: Unilateral: Cochlear Implant Hearing Aid 

 Bilateral: Cochlear Implants Hearing Aids 

 Cochlear Implant + Hearing Aid 

 

Right device: Type: ______________________________ Date fitted: _____________ 

 Current usage: all day school only other: 

______________________________ 
Left device: Type: ______________________________ Date fitted: _____________ 

 Current usage: all day school only other: 

______________________________ 
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Section Date 
situations list 

provided 

Date 
completed 

Observation 
period (days) 

Interview type 
(phone/in 
person) 

Clinician 

A      

B      

C      
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INFORMATION & INSTRUCTIONS FOR CLINICIAN 

Background 

This Scale is based on the SSQ developed for adults by William Noble (University of New England, 

Australia) and Stuart Gatehouse (MRC Institute of Hearing Research, Scotland) (Gatehouse, S. and 

Noble, W. (in press) The Speech, Spatial, and Qualities of Hearing Scale, International Journal of 

Audiology; Noble, W. and Gatehouse, S. (in press) Interaural asymmetry of hearing loss, SSQ 

disabilities, and handicap, International Journal of Audiology).  The Scale was modified separately 

for parents of children with impaired hearing, for children, and for teachers by Karyn Galvin (The 

University of Melbourne, Australia).  All appropriate aspects of the original scale were retained, 

though difficult or not applicable questions (such as those asking for judgements of the naturalness of 

sound or related to driving a car) were deleted, language was changed to suit the target respondents, 

and scenarios were changed to suit a child’s lifestyle.  Significant additions were also made.  In the 

Parent and Teacher Scales, “pre-scale observation periods” have been included so that the child can 

be observed in the types of listening situations described in the Scale.  In the Parent Scale, additional 

questions ask how often a particular listening situation occurs for the child, and how important the 

respondent considers it for the child to hear in that situation.   

Structure of the scale 

There are many aspects of listening with a cochlear implant or hearing aid that are not evaluated 

during standard speech perception testing.  This Scale aims to obtain information about three areas of 

a child’s daily functioning when listening with cochlear implant(s) and/or hearing aid(s):  

• Section A: Speech – speech understanding in quiet, in background noise, in reverberant 

environments, and on the telephone. 

• Section B: Spatial Hearing –the perception of the position, movement and distance of sound 

sources. 

• Section C: Qualities of Hearing – the identification of sounds and voices, ease of listening, and 

segregating sounds. 
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In all three sections, each question begins with a description of a listening situation.  For most 
situations, three separate questions are then asked: 

(i) How does the child function in this situation? 

(ii) How often does this type of situation occur for the child? and  

(iii) How important is it for the child to hear in this type of situation?   
Prior to completing each section of the Scale the parent will spend time observing the child’s daily 
functioning; the length of this “pre-scale observation period” can be recorded on the cover page of the 
Scale. 

Completing the Scale 

The Scale should be completed by the parent in a face-to-face or telephone interview with the 

clinician.  This approach helps to ensure that the questions are correctly interpreted and offers 

the opportunity to obtain further detailed information on the child’s performance through 

discussion of any issues raised. 

How to instruct the parent 

In instructing the parent on how to complete the Scale the clinician should demonstrate how to answer 

the questions using the sample situation attached at the end of these instructions.  The following 

points should be emphasised: 

Regarding Part (i): 

• An arrow is drawn on the ruler to indicate the number representing the child’s typical 

listening performance in the situation described; the arrow may be positioned on marks 

between numbers. 

• Usually the ruler represents the performance range between the descriptors of “Not at all” 

and “Perfectly”; though other terms are employed so the ruler needs to be read carefully.   

• If the child’s listening performance cannot be judged the appropriate box is ticked. 

 “Would not hear it” indicates that the child cannot even hear the voice or sound 

they need to understand or identify in the listening situation described. 

 “Not applicable” indicates that the child does not experience the situation 

described (eg. a young child who does not use the telephone), therefore part (ii) is not 

answered.  

Regarding Parts (ii) and (iii): 

• The questions relate to the type of situation described, not only to the exact situation 

described. 

Regarding all parts: 
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• Any possibly relevant extra information should be noted on the Scale.  If parents wish to 

put restrictions on the applicability of their answers these should be noted; however the 

clinician should be aware that an excess of restrictions will increase the difficulty of comparing 

results across repeated administrations of the Scale.  Parents should be encouraged to provide 

a general answer if an accurate, general answer is possible. 

The Pre-scale Observation Period 

The “pre-scale observation period” is a period of days/weeks in which the parent observes specified 

aspects of the child’s daily functioning.  At the start of the period the parent is provided with a list of 

the relevant listening situations and general idea of the questions they will need to answer at the end 

of the period.  This guides the parents in their observations.  The observation period is included 

because parents may not have considered the child’s listening performance in many of the situations 

described – particularly those that do not concern speech understanding – and the opportunity to 

observe the child and consider the questions over a reasonable period is likely to provide more 

accurate responses to the questions in the Scale.  The required number and length of the observation 

period(s), and the questionnaire sections to include in each one will vary for individuals at the 

clinician’s discretion.  A suggested start point would be a 1 to 2 week observation period for each 

section of the Scale, with parents completing the relevant section of the Scale before beginning the 

observation period for the next section.   

How to instruct the parent: 

In instructing the parent on the pre-scale observation period the clinician should: 

• Explain the purpose of the observation period; i.e., to inform the parent of the types of 

listening situations that they will be questioned about and to provide them with the opportunity 

to observe their child in these situations before completing the Scale. 

• Define the length of the observation period(s) and decide how many section(s) of the Scale 

will be included in each (record these details on the cover page of the Scale). 

• Provide the relevant list(s) of listening situations (which appear at the start of each section), 

and review each situation to ensure understanding. 

• Review the questions that will be asked about each listening situation, emphasising that 

the frequency of occurrence (part ii) and importance (part iii) questions relate to the type of 

listening situation, i.e., situations similar to, but not necessarily exactly the same as, the 

situation described. 
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• Emphasise that the aim is for the parent to observe the child’s typical listening performance 

in the situations described, to note how often the situations occur, and to consider the 

importance of hearing in these situations. 

• Explain that it is vital not to help or train the child but to just observe. 
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Sample Listening Situation & Questions 

You and your child are outside.  You are talking at a normal volume to your child from a 

distance of 5 to 7m.  Can your child follow what you’re saying? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is trying to 

follow someone speaking from this distance? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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Section A: Speech 

Listening Situations for Observation Period 

The following listening situations are presented in the section of the Scale you will complete 

following this observation period.  The purpose of the observation period is to help you answer 

the questions in the Scale.  For each situation below you will need to consider the following: 

• How well is your child able to listen in this situation, 

• If this type of situation occurs for your child, how often does it occur, and 

• How important do you think it is for your child to have, or to develop, the listening skills 

required for this type of situation. 

 

1. You are talking with your child and there is a TV on in the same room. Without turning the 
TV down, can your child follow what you’re saying? 

2. You are talking with your child in a quiet, carpeted lounge-room. Can your child follow 
what you’re saying? 

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

4. Your child is in a group of about five people, sitting round a table.  It is a noisy room, such 
as a busy restaurant or large family gathering at home. Your child can see everyone else in the 
group.  Can your child follow the conversation? 

5. You are talking with your child.  There is a continuous background noise, such as a fan or 
running water. Can your child follow what you say? 

6. Your child is in a group of about five people, sitting round a table.  It is a noisy room, such 
as a busy restaurant or large family gathering at home. Your child cannot see everyone else in 
the group.  Can your child follow the conversation? 

7. You are talking to your child in a place where there are a lot of echoes, such as a school 
assembly hall or indoor swimming pool. Can your child follow what you say? 

8. You are talking to your child in a room in which there are many other people talking.  Can 
your child follow what you say? 

9. Can your child easily have a conversation with a familiar person on the telephone? 
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Section A: Speech 
 

11. You are talking with your child and there is a TV on in the same room. Without turning the 

TV down, can your child follow what you’re saying? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she needs to 

follow what someone is saying with the TV on in the same room? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required  in this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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12. You are talking with your child in a quiet, carpeted lounge-room. Can your child follow 

what you’re saying? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is trying to 

follow a speaker in a quiet room without reverberation (echoes)? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation? 

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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13. Your child is in a group of about five people, sitting round a table. It is an otherwise quiet 

place. Your child can see everyone else in the group. Can your child follow the conversation? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of group conversation in a quiet place occur for your child? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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14. Your child is in a group of about five people, sitting round a table.  It is a noisy room, such 

as a busy restaurant or large family gathering at home. Your child can see everyone else in the 

group.  Can your child follow the conversation? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of group conversation in a noisy room occur for your child? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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15. You are talking with your child.  There is a continuous background noise, such as a fan or 

running water. Can your child follow what you say? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is trying to 

follow a speaker in a continuous background noise? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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16. Your child is in a group of about five people, sitting round a table.  It is a noisy room, such 

as a busy restaurant or large family gathering at home. Your child cannot see everyone else in 

the group.  Can your child follow the conversation? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of group conversation in a noisy room occur for your child? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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17. You are talking to your child in a place where there are a lot of echoes, such as a school 

assembly hall or indoor swimming pool. Can your child follow what you say? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is trying to 

follow a speaker in a place with echoes? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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18. You are talking to your child in a room in which there are many other people talking.  Can 

your child follow what you say? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is trying to 

follow a speaker in a room with lots of other people talking? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required in this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  

 



 
 

280 

19. Can your child easily have a conversation with a familiar person on the telephone? 

 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this situation occur for your child, in which he/she is trying to have a 

conversation on the telephone with a familiar person? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation? 

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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Section B: Spatial Hearing 
Listening Situations for Observation Period 

The following listening situations are presented in the section of the Scale you will complete 

following this observation period.  The purpose of the observation period is to help you answer 

the questions in the Scale.  For each situation below you will need to consider the following: 

• How well is your child able to listen in this situation, 

• If this type of situation occurs for your child, how often does it occur, and 

• How important do you think it is for your child to have, or to develop, the listening skills 

required for this type of situation. 

 

1. Your child is outdoors in an unfamiliar place.  A loud constant noise, such as from a 

lawnmower, aeroplane or power tool, can be heard.  The source of the sound can’t be seen.  

Can your child tell right away where the sound is coming from? 

2. Your child is sitting around a table with several people. Your child cannot see everyone.  

Can your child tell where any person is as soon as they start speaking? 

3. Your child is sitting in between yourself and another person.  One of you starts to speak.  

Can your child tell right away whether it is the person on their left or their right who is speaking, 

without having to look? 

4. You and your child are in different rooms at home.  It is quiet.  If your child hears you call 

out their name, will he/she know where in the house you are? 

5. Your child is outside.  A dog barks loudly.  Can your child tell immediately where it is, 

without having to look? 

6. Your child is standing on the footpath of a busy street.  Can your child hear right away 

which direction a bus or truck is coming from before they see it? 
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Section B: Spatial Hearing 
 

14. Your child is outdoors in an unfamiliar place.  A loud constant noise, such as from a 

lawnmower, aeroplane or power tool, can be heard.  The source of the sound can’t be seen.  

Can your child tell right away where the sound is coming from? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to be able to tell where a sound is coming from when outside? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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15. Your child is sitting around a table with several people. Your child cannot see everyone.  

Can your child tell where any person is as soon as they start speaking? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to know where a speaker is as soon as they start speaking? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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16. Your child is sitting in between yourself and another person.  One of you starts to speak.  

Can your child tell right away whether it is the person on their left or their right who is speaking, 

without having to look? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to locate the speaker as being on the left or on the right? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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17. You and your child are in different rooms at home.  It is quiet.  If your child hears you call 

out their name, will he/she know where in the house you are? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she needs to 

know from which room a someone is calling? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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18. Your child is outside.  A dog barks loudly.  Can your child tell immediately where it is, 

without having to look? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to know where the source was for this type of sound? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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19. Your child is standing on the footpath of a busy street.  Can your child hear right away 

which direction a bus or truck is coming from before they see it? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to know from which direction a vehicle was approaching? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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Section C: Qualities of Hearing 
Listening Situations for Observation Period 

The following listening situations are presented in the section of the Scale you will complete 

following this observation period.  The purpose of the observation period is to help you answer 

the questions in the Scale.  For each situation below you will need to consider the following: 

• How well is your child able to listen in this situation, 

• If this type of situation occurs for your child, how often does it occur, and 

• How important do you think it is for your child to have, or to develop, the listening skills 

required for this type of situation. 

 

1. Think about when there are two noises in or around the home at once, for example, water 

running into the bath and a radio playing, OR a truck driving past and the sound of knocking 

at the door.  Is your child able to identify the two separate sounds? 

2. You are in a room with your child and music is playing.  Will your child be aware of your 

voice if you start speaking?  Note that the child does not have to understand what you say. 

3. Can your child recognise family members or other very familiar people by the sound of 

each one’s voice without seeing them? 

4. Can your child distinguish between pieces of music such as different nursery rhymes played 

on a cassette tape or CD?  Note that producing relevant words or movements can indicate 

recognition. 

5. Can your child tell the difference between sounds that are somewhat similar, for example, 

a car versus a bus, OR water boiling in a pot versus food cooking in a frypan? 

6. Can your child easily judge another person’s mood from the sound of their voice? 

7. Does your child have to put in a lot of effort to hear what is being said in conversation with 

others? 

8. Can your child easily ignore other sounds when trying to listen to something? 
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Section C: Qualities of Hearing 

 

11. Think about when there are two noises in or around the home at once, for example, water 

running into the bath and a radio playing, OR a truck driving past and the sound of knocking 

at the door.  Is your child able to identify the two separate sounds? 

(i)  

 

�  Would not hear them �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to identify two separate sounds? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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12. You are in a room with your child and music is playing.  Will your child be aware of your 

voice if you start speaking?  Note that the child does not have to understand what you say. 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which he/she is already 

listening to a sound, but needs to be aware when someone starts speaking? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to be able to have, or to develop, the 

listening skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  

 



 
 

 291 

13. Can your child recognise family members or other very familiar people by the sound of 

each one’s voice without seeing them? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this situation occur for your child, in which it would be useful to 

recognise people by the sound of their voice? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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14. Can your child distinguish between pieces of music such as different nursery rhymes played 

on a cassette tape or CD?  Note that producing words or movements relevant to a song can 

indicate recognition. 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

(or enjoyable) to be able to distinguish between pieces of music? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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15. Can your child tell the difference between sounds that are somewhat similar, for example, 

a car versus a bus, OR water boiling in a pot versus food cooking in a frypan? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to be able to tell the difference between sounds that are somewhat similar? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  

 



 
 

294 

16. Can your child easily judge another person’s mood from the sound of their voice? 

(i)  

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to judge mood from a person’s voice? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required for this situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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17.  Does your child have to put in a lot of effort to hear what is being said in conversation with 

others? 

(i)  

A lot of effort                                                                                                                       
No effort 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              
Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 
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18. Can your child easily ignore other sounds when trying to listen to something? 

(i)  

Not easily ignore                                                                                                           
Easily ignore 

0 1 2 3 4 5 6 7 8 9 10
 

Minimum                                                                                                                              
Maximum 

 

�  Would not hear it �  Do not know �  Not applicable 

 

 

(ii) How often does this type of situation occur for your child, in which it would be useful 

to ignore another sound in order to listen to something? 

�  Very often (4 or more times in a week) 

�  Often (1 to 3 times in a week)  

�  Not often (1 to 2 times in a month)   

 

 

(iii) How important do you think it is for your child to have, or to develop, the listening 

skills required in this type of situation?  

�  Very important 

�  Important  

�  Only a little bit important  

�  Not important  
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APPENDIX 18: The Speech, Spatial, and Qualities of Hearing Scale (SSQ) 
questionnaire for adults (short version) 

 

 
 

School of Pyschology 
Room 321, Building 721 

261 Morrin Road, Glen Innes 
Phone: +64 9 373 7599 ext 86886 or 86852 

The University of Auckland  
Private Bag 92019 

 Auckland, New Zealand 
 

Spatial and Qualities of Hearing scale (SSQ12) (Noble W et al, 2013) 
 
The following questions inquire about aspects of your ability and experience hearing and 
listening indifferent situations. 
 

For each question, put a mark, such as across (x), anywhere on the scale shown against each 
question that runs from 0 through to 10.Putting a mark at 10 means that you would be perfectly 
able to do or experience what is described in the question. Putting a mark at 0 means you 
would be quite unable to do or experience what is described. 

As an example, question 1 asks about having a conversation with someone while the TV is 
on at the same time. If you are well able to do this then put a mark up toward the right-hand 
end of the scale. If you could follow about that lf the conversation in this situation put the mark 
around the mid-point, and soon. 

We expect that all the questions are relevant to your everyday experience, but if a 
question describes a situation that does not apply to you, put across in the “not 
applicable” box. Please also write a note next to that question explaining why it does not 
apply in your case. 

Please check one of these options: 
 
I use one hearing aid (left ear)  
I use one hearing aid (right ear)  
I use two hearing aids (both ears) 
If you have been using hearing aid/s, for how long? 
 
______ years 
 
______ months 
 
Or _____ weeks  
 
I have no hearing aid/s 
 
Please answer the following questions 
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Speech Spatial Qualities 
 
1. You are talking with one other person and there is a TV on in the same room. Without 

turning the TV down, can you follow what the person you’re talking to says?  

 
2. You are listening to someone talking to you, while at the same time trying to follow the 

news on TV. Can you follow what both people are saying?  
 

 
3. You are in conversation with one person in a room where there are many other people 

talking. Can you follow what the person you are talking to is saying?  
 

 
 
4. You are in a group of about five people in a busy restaurant. You can see everyone else 

in the group. Can you follow the conversation?  

 
5. You are with a group and the conversation switches from one person to another. Can you 

easily follow the conversation without missing the start of what each new speaker is 
saying?  
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6. You are outside. A dog barks loudly. Can you tell immediately where it is, without having 

to look?  

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

 
8. Can you tell from the sound whether a bus or truck is coming towards you or going away?  
 
 

9. When you hear more than one sound at a time, do you have the impression that it seems 
like a single jumbled sound?  

 
10. When you listen to music, can you make out which instruments are playing? 
 

11. Do everyday sounds that you can hear easily seem clear to you (not blurred)?  
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12. Do you have to concentrate very much when listening to someone or something?  
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APPENDIX 19: Auditory Behaviour in Everyday Life (ABEL) questionnaire  
 

Auditory Behaviour in Everyday Life (ABEL)  by S. C. Purdy, C. A. Moran, L. L. 
Chard, S.-A. Hodgson 

The aim of this questionnaire is to assess listening behaviours of typically developed children.  

 

1. Your child's age 

 3y  
 4y  
 5y  
 6y  
 

2. Gender  

 Male  
 Female  
 

3. Completed by: 

 Mother 
 Father  
 Caregiver  
 

Please tell me your email address if you would like to receive a results summary (optional) 

Your child has: 

 Normal hearing in both ears  
 Hearing loss in both ears (Specify below: mild, moderate, severe or profound)  

____________________ 
 Hearing loss in one ear (Specify below: mild, moderate, severe or profound)  

____________________ 
 

I have concerns about my child's: 

 Yes, I'm concern (1) No Concern (2) 
Hearing      

Speech/Language      
Behaviour      

 



 
 

302 

Which is the main language spoken at home? 

 English  
 Other ____________________ 
 

INSTRUCTIONS: We would like to know how you feel about your child’s auditory 
development.  Please choose the number for each item that best describes your child’s behavior 
during the past week.   

 

 

 

1.  Initiates spoken conversations with familiar people.  

 0  
 1  
 2 
 3 
 4 
 5 
 6 
 

2. Says a person's name to gain their attention. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

3. Says "please" or "thank you" without being reminded. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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4. Responds verbally to greeting from familiar people. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

5.  Initiates spoken conversations with unfamiliar people. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

6. Takes turns in conversations 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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7.  Answers telephone appropriately. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

8. Responds to own name spoken in the same room. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

9. Talks using a normal voice level. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

 

 

10. Asks for help in situations where it is needed 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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11. Makes inappropriate vocal noises. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

12. Shows interest in spoken conversations around him/her. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

 

 

13.  Responds verbally to greeting from unfamiliar person(s). 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

14. Says the names of siblings, family members, classmates. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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15. Responds to a door bell or knock. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  

 

16. Will whisper a personal message. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

17. Quietens activity when asked to. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

18. Asks about sounds heard around him/her (e.g., planes, trucks, animals). 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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19. Knows when making loud sounds (e.g., slamming doors, stomping feet). 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

20. Ignores telephone ringing. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

21. Plays cooperatively in a small group without adult supervision. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
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22.  Sings. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

23. Knows when hearing instruments are not working. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 Not applicable  
 

24. Experiments with newly discovered sounds. 

 0  
 1  
 2  
 3  
 4  
 5  
 6  
 

If you have any concerns about your child's hearing  you can contact Oscar Canete, PhD Student/ The 
University of Auckland/ email:ocan093@aucklanduni.ac.nz 

Q31 APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS 
ETHICS COMMITTEE ON 25 /June/14 FOR (3) YEARS REFERENCE NUMBER 
9277Oscar Canete, PhD Student. The University of Auckland. 
Email:ocan093@aucklanduni.ac.nz 
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