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Abstract 

 

Considerable variability exists in speech perception outcomes after cochlear implantation, particularly 

in adults with post-lingual hearing loss. Electroencephalography (EEG) studies have demonstrated that 

the extent of cross-modal plasticity (i.e. competitive take-over of the auditory cortex by the visual 

cortex), measured by the activity of the visual-evoked potential (VEP) activity in the cortical regions, is 

significantly correlated with performance measures of speech perception-in-noise. This trend is 

observed in adults with a cochlear implant (CI) and therefore, it is of interest to understand how cross-

modal plasticity changes with time in adults with severe-profound hearing loss once audition is restored 

with a CI. 

As speech perception in noise is influenced by cognitive and linguistic processes, and hearing loss is 

strongly associated with ageing and cognition, we need to better understand the role of each in 

influencing cross-modal activation and plasticity. Therefore, the aim of this pilot study was to assess the 

relationship between cognition, speech perception (using words and sentences in background noise) and 

activation of cortical areas, specifically the occipital (visual) and temporal (auditory) cortices, in 

response to visual stimuli, in older adults with normal hearing. It compared speech perception outcomes 

and a novel behavioural measure of cognition, Cogstate, (which does not rely on audition) with the P1, 

N1 and P2 components of the VEP responses, measured using EEG and MEG simultaneously. This 

study provides normative data for a future longitudinal study, which aims to investigate brain changes 

following cochlear implantation in older adults with post-lingual hearing loss. Results showed that while 

no correlations were found between speech and cognitive measures, significant correlations and 

relationship trends were observed between VEP responses (in both occipital and temporal regions) and 

speech perception and cognitive measures. While expansion of this cohort is needed to verify these 

trends, the results support the need to consider cognition as a potential influencing factor in broader 

topographical cortical representations in adults with hearing loss and/ or a cochlear implant. 
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1.0 Overview 

1.1 Background  

The cochlear implant (CI) is a remarkably successful neuroprosthetic device, with the ability to restore 

hearing to severely and profoundly deaf individuals through delivering direct electrical stimulation to 

the peripheral auditory neurons in the inner ear. In many cases, adults with a CI are able to use mobile 

telephones which rely on audition alone (i.e. no visual cues) and enjoy good speech understanding in 

quiet listening conditions. However, considerable variability exists in speech perception outcomes post 

cochlear implantation in adults with post-lingual hearing loss, after controlling for duration of deafness, 

which is the only significant predictor of speech perception outcomes in this population (Holden et al., 

2013; Blamey et al., 1996). 

It is not yet clear to what extent the ability of the brain to plastically adapt to the CI signal (a vocoded 

signal) is a limiting factor in obtaining good speech perception performance. Certainly, auditory 

deprivation is associated with degradation of the phonological map, whereby individuals who have had 

longer durations of deafness show poorer ability to match visually presented words which rhyme 

verbally but not visually (Lazard et al., 2010). Further, cross modal plasticity, competitive take-over of 

a ‘deprived’ sensory area of the brain by another (intact) sensory modality, has been suggested to limit 

speech perception outcomes post-cochlear implantation. Specifically, neuroimaging studies in adults 

with a CI show a correlation between auditory-visual cross-modal plasticity (whereby deprived auditory 

regions are recruited by the visual cortex in cases of severe to profound hearing loss, and even in milder 

forms of hearing loss) and speech perception outcomes (Chen, 2016; Kim et al., 2016; Campbell & 

Sharma, 2014; Buckley & Tobey, 2010; Doucet et a., 2006; (Giraud et al., 2001). In addition, PET 

studies have shown that the activation pattern of the brain for adults with CI during speech tasks is 

significantly different to normally-hearing adults, even when speech perception scores are similar, 

suggesting that more complex or effortful processing is required to make sense of the vocoded speech 

signal (Giraud et al., 2000). Understanding how brain plasticity might support or inhibit speech 

perception outcomes might enable more targeted interventions to be developed to optimize auditory 

rehabilitation or better predict outcomes, after cochlear implantation. Importantly, however, as speech 

perception in noise is influenced by cognitive and linguistic processes (Wayne & Johnsrude, 2015; A 

Wingfield & Tun, 2007), and age is strong associated with hearing loss and cognition (Lin et al., 2014), 
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a better understanding of the role of each (i.e. hearing loss and cognition) in influencing cross-modal 

plasticity in older adults is needed.  

Finally, magnetoencephalography and electroencephalography are complementary physiological 

techniques known for their high temporal resolution, which is advantageous in consideration of the 

complexity of the multiple synaptic transmissions occurring with brain activity (Proudfoot et al., 2014). 

Thus far, the investigation of outcomes in CI recipients using functional neuroimaging techniques has 

been limited due to incompatibilities with the implant itself. However, a novel technique using 

magnetoencephalography (MEG), currently under validation, has been designed to enable 

measurements of auditory cortical function, with a view to significantly reducing interference from 

electromagnetic artefacts of the implant (Johnson et al., 2013). Therefore, this pilot study intends to 

utilise both MEG and EEG concurrently to assess cortical visual-evoked potentials (VEPs) in a normally 

hearing older adult ‘control’ population, with a view to employing these methods in a follow-up study 

with older adult cochlear implant recipients, to further investigate how cross-modal plasticity might 

adaptively change over time in this population.  

However, as much of the existing literature examining cross-modal plasticity to date has focussed on 

EEG, only EEG data will be discussed in this thesis and compared to previous studies. The combined 

assessment of MEG with EEG will enable us to compare this normative MEG data with future data from 

the prototype MEG system at Macquarie University, which will be analysed and discussed in a follow-

up study. 
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1.2 Objectives 

• To investigate cortical visually-evoked potentials (VEPs), measured using concurrent MEG and 

EEG techniques, in normally-hearing older adults using a validated visual paradigm, as utilised 

by Doucet et al. (2006). This will provide normative data for a future longitudinal study, which 

aims to investigate cross-modal plasticity following cochlear implantation in older adults with 

post-lingual hearing loss, using the same paradigm. 

• To explore whether a relationship exists between speech perception ability in noise and 

performance on a novel behavioural measure of cognition (Cogstate Ltd.), which does not rely 

on auditory cues. 

• To explore whether a relationship exists between cognitive factors, specifically processing 

speed, attention and working memory (measured using Cogstate), and/or speech perception in 

noise measures, and cortical VEP activation (i.e. occipital vs. temporal) in older adults. 

1.3 Outline 

This thesis comprises of five chapters: 

Chapter 1 provides an overview of the background and research objectives for the study. 

Chapter 2 gives a broad overview of cross-modal plasticity and its relevance in auditory rehabilitation 

with cochlear implants. It will also review the literature on various visual stimuli used to elicit cortical 

VEPs, as well as electrophysiological techniques used to examine these cortical responses and 

considerations for future CI studies, for which the present study is intended as a pilot. Finally, this 

section will also discuss the role of cognition and hearing loss and how this may relate to speech 

perception in an older population (relevant to this study cohort), as well as assessment of cognitive 

domains. Lastly, this section will summarise the rationale of the study in light of the reviewed literature. 

Chapter 3 will detail the participants, test stimuli, procedures and statistical methods used in the study. 

Chapter 4 presents the results of the current study. 

Chapter 5 provides general discussion of the results of this study in light of other studies in the field, 

limitations of the present study, future directions and conclusions.  
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2.0 Introduction  

2.1 Cross-modal plasticity  

Cross-modal plasticity is a form of cortical neuroplasticity that demonstrates the remarkable capacity of 

the human cortex to adapt to change (Sharma & Glick, 2016). It involves the compensatory 

reorganization of neural structures in response to a reduction or deprivation of input to a sensory 

modality, whereby cortical areas of the affected modality become susceptible to recruitment from 

remaining functional sensory modalities (Sharma & Glick, 2016; Finney et al., 2003). This recruitment 

can lead to functional enhancement in the residual sensory systems – a phenomenon that has been 

studied extensively in both animals (see Sur, Angelucci, & Sharma, 1999, for review), and in human 

studies involving blind and deaf individuals (Kim et al., 2016). For example, a notable study in 

congenitally deafened cats demonstrated an example of visual-auditory cross-modal plasticity, whereby 

the deafened cats showed superior visual abilities in comparison to normally-hearing cats. In particular, 

the study showed that motion detection and peripheral visual localization were enhanced compared to 

the normal hearing controls (Lomber et al., 2010).  

Several human studies have found evidence of cross-modal plasticity in cases of auditory deprivation 

resulting from hearing loss, resulting in recruitment of the auditory cortex for visual or somatosensory 

processing (Chen et al., 2016; Kim et al., 2016; Stropahl et al., 2016;  Campbell & Sharma, 2014; 

Buckley & Tobey, 2010; Giraud & Lee, 2007; Doucet et al., 2006;  Finney et al., 2003; Giraud et al., 

2001). Specifically, convincing evidence from electrophysiological, behavioural and neuroimaging 

studies in humans has demonstrated compensatory cross-modal expansion and enhanced capabilities in 

visual function in deaf individuals (Sandmann et al., 2012; Doucet et al., 2006; Lambertz et al., 2005) 

and also enhanced tactile sensitivity (Sandmann et al., 2012; Levanen & Hamdorf, 2001). Interestingly, 

findings from a recent study by Campbell and Sharma (2014) using EEG have suggested that cross-

modal recruitment by the visual cortex can occur in individuals with mild-moderate, age-related hearing 

loss.  

In addition, while the recruitment of regions of the auditory cortex for visual processing has been well-

documented in adults with both pre-lingual and post-lingual deafness, there has also been particular 

interest in investigating cross-modal plasticity in adults with profound hearing loss, who are recipients 
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of cochlear implants (CI) (Campbell & Sharma, 2014; Kim et al., 2016; Sandmann et al., 2012; Buckley 

& Tobey, 2010; (Finney et al., 2003). While cortical reorganisation in deaf individuals may provide 

beneficial compensatory effects during the period of deafness, it has been suggested that this could have 

detrimental consequences for the process of adaptation to the unfamiliar cochlear implant signal, post-

implantation (Sandmann et al., 2012; Bavelier et al. , 2006). 

2.2 Cochlear implants, cross-modal plasticity and functional outcomes 

The CI has enabled the restoration of hearing and oral communication in individuals with severe to 

profound hearing loss through direct stimulation of the auditory nerve (Fallon et al., 2008; Giraud et al., 

2000; Lazard et al., 2012). However, despite evidence of successful outcomes, CI recipients display a 

wide spectrum of speech perception abilities, and a range of factors have been identified which could 

influence this performance (Blamey et al., 1996; Holden et al., 2013). It has been proposed that duration 

of auditory deprivation largely accounts for CI outcomes in congenitally deaf children (O’Donoghue et 

al., 2000; Sarant et al., 2001) , however this appears to be more ambiguous when predicting future 

performance with speech understanding in post-lingually deafened adults (Blamey et al., 1996; Green 

et al., 2007). The role of cross-modal plasticity in auditory rehabilitation with CI and how this may relate 

to speech perception outcomes is yet to be clearly elucidated and may also be a contributor to this 

observed variability in functional outcomes.  

A significant study by Giraud et al. (2000) found differences in cerebral activation between normal 

control subjects and post-lingually deafened rehabilitated CI recipients measured using PET under 

various speech conditions of different linguistic complexity. They found that different brain activation 

patterns were elicited despite almost similar speech recognition performance in recipients and control 

subjects. Specifically, they found that more brain regions were required to process speech for the CI 

group, suggesting that speech comprehension can be assisted by recruitment of additional cortical areas. 

Giraud and colleagues (2000) proposed that the CI group showed activation of cortical regions 

associated with attention, suggesting that this probably reflects specific auditory attentional strategies 

used to compensate for degraded speech signals and monaural stimulation. They also noted increased 

activation in areas of the brain associated with episodic verbal retrieval and memory-related imagery, 

which the authors hypothesised may reflect an enhanced sensitivity in the visual modality expressed 

during deafness, as a result of cross-modal compensation (Giraud et al., 2000). In a follow-up study, 
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Giraud and colleagues (2001) examined cross-modal plasticity in four functional neuroimaging 

experiments and found early recruitment of the visual cortex when CI users listened to sounds with their 

eyes closed. They observed that this recruitment occurred more in CI users than in control subjects and 

that this activation increased the longer they used the implant, which they hypothesized underpinned 

their language recovery post-implantation. Ultimately, Giraud and colleagues identified the need for 

further study of the longitudinal development of these patterns, post-CI activation. 

Doucet et al. (2006) used EEG to investigate cross-modal reorganisation in relation to speech perception 

abilities in CI patients with profound bilateral hearing loss. They found that the group of CI users with 

limited speech perception abilities showed a more profound cross-modal reorganisation in response to 

visual stimuli, in comparison to a group of better CI performers, which showed enhanced brain activity 

within the preserved visual cortex. They proposed that the latter group was able to make better use of 

visual cues to compensate for the impoverished auditory signal of the CI, whereas the former group 

required recruitment of additional cortical areas to carry out visual tasks (Doucet et al., 2006). These 

findings were supported by another EEG study by Buckley and Tobey (2010). They found that poor 

speech perception outcomes in CI recipients were related to increased amplitudes of visual-evoked brain 

activity over temporal and anterior scalp regions, however noted this primarily in pre-lingually deafened 

CI users. Lazard et al. (2012) also discussed the creation of supplementary compensation in the 

development of visual responses within the auditory cortex in cases of low performance with CI due to 

insufficient auditory cues. Hence, this collective evidence suggests that despite the restoration of 

auditory input provided by a CI, poorly performing CI users may continue to recruit additional regions 

in the auditory cortex for processing visual information. Accordingly, Champoux et al. (2009) proposed 

that extensive cross-modal reorganisation of the auditory cortex may become detrimental to speech 

understanding, as it was observed that poorly-performing implanted subjects showed deterioration in 

word recognition scores in the presence of visual stimuli that appeared to compete with auditory 

recognition tasks. This contrasted with CI subjects with good performance and normal hearing control 

subjects, who were not affected by visual distractors (Champoux et al., 2009).  

The benefits of audio-visual speech have been recognised in prior studies (see review by Peelle & 

Sommers, 2015), with evidence to suggest that visual information complements auditory information 

through providing cues to both the timing of the incoming acoustic signal and its content. This effective 
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multisensory integration of audio-visual speech cues has been found to improve recognition accuracy, 

particularly for speech in noise, and may reduce the cognitive demands placed on listeners by increasing 

the precision by which predictions can be made. However, multiple stages of integration are involved 

in this process and are supported by distinct neuroanatomical mechanisms (Peelle & Sommers, 2015). 

It is not yet fully understood how the phenomenon of cross-modal reorganisation may interact with the 

process of audio-visual integration, particularly in new cochlear implant users who are required to adapt 

to a degraded speech signal. Perhaps it is more effective audio-visual integration that may explain cases 

of cross-modal adaptations or ‘plasticity’ in hearing-impaired individuals following CI implantation, 

which have led to successful speech perception outcomes. Clearly, more studies are needed to elucidate 

this potential interaction. 

2.3 Auditory-visual cross modal plasticity in CI users 

With respect to purely visual processing in CI recipients, several studies have examined cortical VEPs 

in pre-lingually deaf  (Buckley & Tobey, 2010) and post-lingually deaf CI recipients (Kim et al., 2016; 

Doucet et al., 2006), and have observed increased VEP amplitudes over the auditory (temporal) cortex 

in response to visual stimuli. Findings from Finney and colleagues (2001) suggest that increased cortical 

activation in response to visual motion stimuli in deaf participants is mediated by a region of the right 

auditory cortex. Furthermore, these increased VEP amplitudes appear to be negatively correlated with 

speech perception abilities in quiet and noise, which further suggests that cross-modal reorganisation 

can also occur in cases of adult onset hearing loss (Sharma & Glick, 2016). In addition, findings from 

Buckley and Tobey (2010) suggest that auditory deprivation alone may be sufficient to induce cross-

modal reorganisation, rather than the duration of auditory deprivation prior to CI, having found no 

significant correlation between N1 VEP amplitude in either pre-lingually or post-lingually deafened 

adults and duration of deafness (Sharma & Glick, 2016). A recent study by Sandmann et al. (2012) also 

examined cortical VEPs in a group of CI recipients with adult onset hearing loss (some whose onset of 

deafness was as recent as a year prior to CI), and in a group of normally hearing adults. They observed 

significant correlations in the CI group between speech perception and the extent of activation in the 

right auditory cortex, as well as increased activation in the auditory cortex compared to the normal 

hearing group, which further supports this observed trend.  
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Further findings from studies by Kim et al. (2016) and Doucet et al. (2006) have found that some groups 

of CI recipients show more extensive cross-modal reorganisation than others. Recently, Kim et al. 

(2016) investigated two groups of post-lingually deafened adult CI recipients – one with poor 

phonetically-balanced monosyllabic word scores (<40%) and the other with good word scores (>60%). 

They observed that in comparison to the good CI performers, the poor CI performers showed larger VEP 

amplitudes to checkerboard pattern reversals in the right temporal cortex. Furthermore, cross-modal 

plasticity was evident in the P1 VEP amplitude over the right temporal cortex which was significantly 

negatively correlated with speech perception scores, whereas the P1 VEP amplitude over the occipital 

cortex showed a significant positive correlation with speech perception scores (Kim et al., 2016). 

Similarly, Doucet et al. (2006) showed that in both pre-lingually and post-lingually deafened CI adults 

with good speech perception abilities, cortical activation patterns were restricted to the visual cortex in 

response to visual motion stimuli, whereas CI recipients that showed poorer speech perception outcomes 

demonstrated more extensive cortical activity which spread in an anterior direction into the temporal 

cortices. 

 In summary, these studies have demonstrated decreased activity over the temporal cortex, viewed as 

evidence of cross-modal reorganisation, and increased activity over the occipital cortex, evidence of 

‘intra-modal’ plasticity, in successful CI users (Kim et al., 2016; Sharma & Glick, 2016). Given these 

findings, a greater understanding of this phenomenon, particularly in regards to longitudinal cortical 

changes over time post-CI, could be of significant clinical value – with the potential to benefit CI 

rehabilitation through enabling better prediction and/or optimisation of speech perception outcomes 

post-implantation. 

2.4 Eliciting the cortical visual-evoked response 

As mentioned, several studies have investigated visual processing in CI recipients to evaluate the 

presence or extent of cross-modal plasticity, however there is variability among the studies in terms of 

the specific visual stimuli used to assess this. Several studies have focused on motion stimuli (Buckley 

& Tobey, 2010; Armstrong et al., 2002;  Finney et al., 2001; Bavelier, 2001); some have employed 

checkerboard patterns (e.g. Sandmann et al., 2012) and even a video sequence of a human face utterly 

an incongruent word (visual-auditory stimuli) (Champoux et al., 2009).  
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 However, the present study recreated a validated paradigm used by Doucet et al. (2006), which utilised 

concentric stimuli that undergo radial transformations (see Figure 1 of section 3.2.1). These stimuli were 

also utilised in a later study by Campbell and Sharma (2014) (also mentioned in section 2.1), which 

investigated cortical VEPs in adults with mild to moderate hearing loss and a group of normal hearers, 

and found a significant difference in VEP amplitudes and latencies between the two groups.  Doucet et 

al. (2006) proposed that these stimuli are ideal for measuring visual reorganisation following a period 

of auditory deprivation, because they activate the visual ventral stream up to at least the fusiform 

(occipito-temporal) gyrus, which chiefly includes structures involved in high-level vision and also 

complex visual processing, such as processing of faces (Wilkinson et al., 2000); they also active the 

dorsal stream due to the ‘transformational’ pattern, and they are relatively simple to recreate. 

Furthermore, they are completely neutral, in that they avoid engagement of emotional responses or 

familiarity effect, in comparison to the use of faces or other similar stimuli (Doucet et al., 2006).  

2.5 Electrophysiological techniques for examining ERPs and considerations for CI studies 

In recent years, recruitment of the auditory cortex for visual-motion processing has been examined in 

deaf adults and adult CI users using various techniques, such as electroencephalography (EEG) (Buckley 

& Tobey, 2010; Doucet et al., 2006) , functional near-infrared spectroscopy (fNIRS) (Chen, 2016; 

Dewey & Hartley, 2015); and functional magnetic resonance imaging (fMRI) (Shiell et al., 2016). 

However, the investigation of outcomes in CI recipients using functional neuroimaging techniques has 

been limited due to incompatibilities with the implant itself. To address this issue, a novel technique 

using magnetoencephalography (MEG), currently under validation, has been designed to enable routine 

measurements of auditory cortical function by measuring this function in the hemisphere contralateral 

to the CI, thus reducing interference from electromagnetic artefacts of the implant (Johnson et al., 2013). 

Therefore, this pilot study intends to utilise both MEG and EEG concurrently to assess cortical VEPs in 

a normally hearing ‘control’ population, with a view to employing these methods in future follow-up 

studies involving cochlear implant recipients, in the investigation of cross-modal plasticity.  

While functional MRI and PET imaging modalities offer good spatial resolution and enable rapid 

quantification of structure at a given time-point, MEG and EEG provide excellent temporal resolution 

(Darvas et al., 2004; Hämäläinen et al., 1993). This is of particular importance considering the nature of 

multiple synaptic transmissions and physical distance covered by brain activity (Proudfoot et al., 2014). 
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Furthermore, both techniques also have advantages of being non-invasive, safe and comfortable for the 

subject (Proudfoot, 2014), which makes them ideal for examining brain activity in clinical populations. 

The primary source of both MEG and EEG signals is believed to be in the apical dendrites of pyramidal 

cells in the cerebral cortex, however both techniques have their own unique differences. While EEG 

measures the potential differences over the scalp resulting from currents produced by electrical brain 

activity, MEG measures the magnetic field changes induced by intracellular current flow (Darvas et al., 

2004). EEG measurement involves a set of scalp electrodes coupled to high-impedance amplifiers and 

a digital data acquisition system, whereas MEG requires the use of superconductive, high sensitive 

magnometers, housed in a magnetically shielded room. A caveat to EEG measurement is that it is highly 

sensitive to the conductivity of the skull, brain and extracranial tissue, given that the electrical signals 

being produced in head are required to pass through these complex mediums to be measured. Thus, 

interpretation of EEG signals requires precise knowledge of the conductivity and thicknesses of different 

mediums, in order to localize regions of neural activation. Unlike EEG, as MEG measures the magnetic 

field outside the head produced by current flow inside the brain, the issue of conductivity does not apply, 

therefore allowing a comparatively higher spatial resolution (Darvas et al., 2004). Another consideration 

is that in comparison to EEG, MEG is more subject to cortical structure (Hämäläinen et al., 1993), the 

surface of which is densely folded and can therefore form different orientations to the primary currents. 

While MEG is sensitive to the tangentially oriented primary currents (relative to the spherical model of 

the head), which arise in the sulci, it is insensitive to the radially oriented primary currents originating 

in the gyri. Consequently, MEG is thought to be relatively insensitive to signals from deep brain 

structures. However, EEG has the ability to detect currents induced by both radial and tangential primary 

currents (Nunez & Srinivasan, 2009). Therefore, as a result of their combined advantages, MEG and 

EEG are becoming more commonly viewed as complementary rather than competing techniques, and 

most MEG protocols routinely include concurrent acquisition of multichannel EEG data, as utilised in 

the present study (Darvas et al., 2004) 

2.6 Cognition, speech comprehension and hearing loss in an older population 

In addition to cross-modal plasticity, several studies have also speculated about the effect of cognitive 

factors on CI outcomes (Holden et al., 2013; Friedland et al., 2010;  Heydebrand et al. , 2007; Collison 

et al., 2004).  Past studies have highlighted the role of cognitive abilities such as knowledge and working 
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memory in supporting speech comprehension, particularly in cases where the signal is degraded due to 

background noise, unfamiliar talker characteristics, e.g. accents, or semantic ambiguity (Wayne & 

Johnsrude, 2015; Heald & Nusbaum, 2014; Wingfield & Tun, 2007). Similarly, the phenomenon of 

cognitive ageing has long been observed, however still remains insufficiently understood (Salthouse, 

2010). While there are some cognitive functions that appear to be maintained with age, such as semantic 

memory, several studies have shown that older adults demonstrate increased difficulty with certain 

higher level ‘executive’ functions. These functions include difficulties with working memory skills, 

attention and task switching. Other age-related differences that have been observed are difficulties with 

‘episodic memory’, such as a reduced ability to retrieve and learn both verbal and non-verbal material 

(Grady, 2012). Furthermore, past studies have shown that older adults demonstrate slower processing 

speed on average and are more prone to distractions when completing cognitive tasks (Salthouse, 1996; 

Healey et al., 2008). A significant challenge has been to understand which specific brain mechanisms 

might underlie or explain better or worse performance in older adults (Grady, 2012).  

Many studies have therefore employed structural and function neuroimaging techniques to address this 

challenge, and in recent years, various functional MRI studies have provided evidence of age differences 

in task-related brain activity (Grady, 2012; Spreng et al., 2010; Eyler et al., 2011). However, 

interpretation of these differences has been difficult due to variability in performance, i.e. sometimes 

brain activity is reduced in older adults relative to younger adults and vice versa (Grady, 2012). In 

general, decreased levels of brain activity have been assumed to reflect cognitive deficits in older adults, 

whereas increased brain activity has been interpreted as compensatory (Grady et al., 1995; Grady et al., 

1994). Other mechanisms have also been proposed to explain increases in brain activity, including 

dedifferentiation (reduction in selectivity of responses) or a lack of efficiency in the use of neural 

resources. For example, a study by Peelle et al. (2010) investigated the cortical network underlying 

speech comprehension of syntactically complex sentences in healthy older adults using fMRI. Their 

findings showed that while both young and older adults activated components of a core sentence-

processing network during sentence comprehension, the older adults showed decreased activation of 

specialised processing regions and also a limited ability to coordinate activity between these regions. 

Peelle and colleagues (2010) therefore concluded that these factors contribute to the difficulties that 

older adults experience with sentence comprehension under difficult listening conditions. Furthermore,  
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Peelle & Wingfield, (2016) highlight that, despite widespread declines in hearing ability in older 

adulthood, speech comprehension in older adults is generally good. They propose that in order to 

maintain high levels of successful speech comprehension, listeners with hearing loss recruit systems 

outside the typical speech-processing network to compensate for a poor auditory signal. This therefore 

results in additional cognitive effort being required when listening to a degraded speech signal, which 

can impact other important operations, such as remembering the information that has been heard, e.g. 

working memory. Hence, in light of such evidence, we are particularly interested in the influence of 

cognition on cortical activity in older adults.  

2.6.1 Working memory, processing speed and attention 

The association between adult ageing with changes in cognitive domains such as working memory and 

processing speed have great implications for speech comprehension, particularly in challenging listening 

environments, and it has been suggested that these age-related changes are due to a complex combination 

of both perceptual and cognitive influences (Wingfield et al., 2005).  

Working memory refers to an individual’s ability to store and process information simultaneously 

(Ronnberg et al., 2013). Hence, it is thought to be involved in the allocation of resources in complex 

tasks, evidenced by correlations observed between performance on language understanding tasks and 

verbal working memory capacity (measured using reading-span tasks), as well as performance on 

reasoning tasks (Lunner, 2003; Just & Carpenter, 1992; Carpenter, Just, & Shell, 1990). Working 

memory has also been identified as a key factor in speech understanding, as proposed in the ‘Ease of 

Language Understanding’ (ELU) model by Ronnberg and colleagues (2013). Therefore, it has been 

proposed that age-related deficits in working memory may exacerbate the communication difficulties 

experienced by older adults in complex listening environments. This is even more relevant to individuals 

with a hearing loss, in that there is additional load on working memory, whereby context is required to 

interpret degraded auditory information to derive its meaning (Ronnberg et al., 2013) and this is certainly 

also relevant in cochlear implantation, where recipients are exposed to a vocoded signal.  

Another influential cognitive domain on speech comprehension is processing speed, specifically, verbal 

information-processing speed, which refers to how efficiently lexical information can be accessed from 

long-term memory (Lunner, 2003). Processing speed is known to correlate with skills such as reading 
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comprehension (Baddeley et al., 1985), general verbal ability and sentence-based speech reading (Lyxell 

& Rönnberg, 1992) and also with age (Salthouse, 2004; Lunner 2003).  Salthouse (1996) hypothesised 

that increased age in adults is associated with a decrease in the speed with which task-processing can be 

performed, and that this ‘slowing down’ leads to impairments in cognitive functioning. He proposed 

that cognitive performance is compromised due to slower processing because relevant tasks cannot be 

successfully executed in time due to a delay in the products of earlier processing, which may no longer 

be available by the time the later processing is complete (Salthouse, 1996). This skill is certainly 

important for conversational speech, particularly in group situations or in background noise and 

certainly, for individuals with hearing loss, who do not receive auditory cues with clarity (Lunner, 2003). 

Lastly, attention has also been identified as an important factor influencing speech comprehension, and 

also one that is susceptible to age related changes (Grady, 2012). It has been found that older adults may 

more susceptible to distractions than younger adults, and that they may experience difficulties in 

dividing their attention between two simultaneous tasks (McDowd & Shaw, 2000). This is particularly 

relevant in situations where there is more than one talker, in that the listener is required to monitor 

several aspects: the overall dialogue being spoken, as well as the content of the dialogue and timing for 

each person involved. In addition, further perceptual demands may be placed on the listener as a result 

of the location and spatial arrangement of the speakers. Therefore, it has been proposed that older adults 

could be prone to difficulties imposed by the extra cognitive/ attentional demands of following group 

conversation and the added perceptual demands of integrating auditory information from spatially 

separate locations (Pichora-Fuller & Singh, 2006). This is also of particular interest in older adult CI 

users, who may experience even further difficulties with attentional demands, in having to listen through 

a vocoded signal.  

2.6.2 Hearing loss and cognitive decline 

There has also been recent evidence to suggest a link between untreated hearing loss and increased risk 

for cognitive decline in older adults, however the exact relationship and potential causal mechanisms 

remain to be clearly understood (Contrera et al., 2016; Lin et al., 2014; Peelle et al., 2011; Lin et al., 

2011). Proposed mechanistic pathways through which hearing impairment could contribute to poorer 

cognitive function include the effect of hearing impairment on brain structure, cognitive load and 

decreased social engagement (Lin et al., 2014). Studies by Rabbitt (1968) and Tun, McCoy and 



	 14	

Wingfield (2009) have demonstrated the effect of poor peripheral encoding of sound as a result of 

cochlear damage, whereby greater cognitive resources are necessary for auditory perceptual processing 

in conditions where there is a degraded auditory signal, which proves detrimental to other cognitive 

processes such as working memory. Lin et al. (2014) notes that for an individual with hearing loss, such 

a constant demand on cognitive load could affect an individual’s performance in usual daily activities 

and cognitive tasks, which is among the criteria for the diagnosis of dementia. Pichora-Fuller and 

Macdonald (2009) also addressed the correlation between sensory and cognitive ageing, noting that 

difficulties experienced by older listeners in understanding spoken language in complex listening 

condition may be exacerbated as a result of declines in abilities such as working memory and attention. 

This is likely to worsen as the listening condition become more adverse, as such a task becomes more 

cognitively demanding for listeners of any age to process.  

2.7 Assessment of cognitive domains  

The use of various measurement tools to assess cognitive functions varies across studies and ranges 

from general cognitive screening tests to test batteries that selectively assess specific processes such as 

memory, language, processing speech, attention and other executive functions (Wayne & Johnsrude, 

2015). Common screening tests include the Mini-Mental State Exam (MMSE) , the Modified Mini-

Mental State Test (3MS) (Teng & Chui, 1987) and the Montreal Cognitive Assessment (MoCA) 

(Nasreddine et al., 2005). However, it has been noted that the sole use of cognitive screening tools such 

as the aforementioned tests may not capture the full variability in a normally ageing (i.e. non ‘clinical’) 

population, as ‘ceiling effects’ may underestimate the true relationship between cognitive decline and 

hearing loss (Wayne & Johnsrude, 2015).  

An additional challenge in adults with hearing loss is the difficulty in measuring cognition without 

requiring sufficient hearing ability, and vice versa. For example, several test items rely on good audition, 

therefore poor performance for adults with hearing loss might result from either poor cognitive 

performance, or increased effort needed to listen to what was said, reducing the ability to store items in 

working memory for later recall (Rabbitt, 1968); inability to hear the instructions or what was said 

(Dupuis et al., 2015; Wayne & Johnsrude, 2015), or a combination of the above.  
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In consideration of these factors, the present study used a visual-only computerized program for 

assessment of cognitive domains called ‘Cogstate’ (Cogstate Ltd, Melbourne, Australia), which has been 

suggested to be an appropriate tool for cognitive assessment in older individuals (see Lim et al., 2012; 

Fredrickson et al., 2010). The selected battery aims to assess psychomotor, attentional, working memory 

and visual learning ability, as well as executive function, which as discussed, may be susceptible to age-

related declines and are thus relevant to our population of interest. For this study, the predominant 

advantage lies in the completely visual interface for administering tests, without reliance on auditory 

cues, and hence it is particularly appropriate for use in individuals with severe to profound hearing 

impairment and CI users, needed for a subsequent follow-up study. 

2.8 Rationale and research questions for the current study 

The current literature on cross-modal plasticity is fraught with differences in the selection of speech 

materials, categorisation of speech performance and differences in the visual stimuli used to evoke 

cortical VEPs. In addition, the term cross-modal plasticity has been used to refer to an assumed plastic 

change of the cortex. However, as these studies have been cross-sectional, it is unclear whether the 

cortical activation patterns represent a change or are associated with a measure of speech perception. In 

addition, evidence of cross-modal plasticity has been assumed to be captured by either an increase in 

the activation of the temporal region (e.g. Kim et al., 2016; Doucet et al., 2006) for an auditory stimulus 

or an increase in the activation of the occipital region (e.g. Campbell & Sharma, 2014). We are therefore 

interested in assessing whether reductions in cognitive ability are associated with reduced activation in 

the visual cortex (i.e. the occipital cortex) or increased activation in the auditory cortex (T7 / T8). 

Multiple studies have shown that speech perception (in noise) is significantly correlated with cognitive 

ability (see Lunner, 2003), and that age is highly correlated with cognitive ability (Salthouse, 2004). 

However, it is becoming clear that speech perception abilities in adults with CIs may be limited by cross-

modal plasticity. Specifically, the extent of activation of the auditory cortex by a visual stimulus or the 

reduction of activation of the visual cortex is correlated with speech perception outcomes. Despite this, 

it is not clear whether cognitive ability (or declines in the case of older adults) is also associated with 

cross-modal plasticity, or a greater distribution of cortical activity. 

While the association between cognition and VEPs (i.e. cortical activation to visual stimuli) has not yet 

been investigated, different brain activation patterns in older adults, compared with younger adults, 
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during auditory processing of speech have been observed (Peelle et al., 2010). Specifically, decreased 

activations of specialised speech processing regions have been seen in older adults, who also showed 

recruitment of frontal areas outside the core speech processing network, which is thought to play a 

compensatory role (Peelle et al., 2010). Hence, it is of interest to examine whether a spread of activation 

is seen for visual processing in this population. Furthermore, as cognition is associated with speech 

processing, it is also of interest to understand how cognition may relate to these cortical activations. We 

are therefore interested in whether cognition influences cortical representations in response to visual 

stimuli in an older adult population, given that we intend to investigate potential cross-modal 

representations in an older adult population with CI. We hypothesise that ‘cross-modal’ activations will 

not occur within a normal hearing population.  

This pilot study aims to answer the following key research question: 

Does a relationship exist between cognitive ability and cortical activity in the occipital and temporal 

cortical regions, in response to a visual stimulus?  

Sub-questions include: 

1. Is there a relationship between specific components of the VEP (i.e. P1, N1 and P2 components) 

at occipital and/or temporal electrode sites, and cognitive abilities and/or speech perception in 

noise abilities in older adults? 

2. Is there an association between speech perception abilities in noise (using word recognition and 

sentence recognition scores) and cognitive capacity measured visually (specifically processing 

speed, attention and working memory using Cogstate) in older adults?  

 

 

 

 

 

 

 

 

 



	 17	

3.0 Materials and Methods 

3.1 Participants 

13 adults (12 females, 1 male) aged 55-75 years (mean = 62 years) participated in this study, with 

demographic information summarised in Table 1. Air conduction thresholds were screened using an 

Affinity 2.0 audiometer (AC440; Interacoustics, Middelfart, Denmark). Twelve of the thirteen 

participants had clinically ‘normal’ hearing levels in at least the better ear, which was defined in this 

study as a four-frequency pure tone average (4F-PTA) at 0.5, 1, 2 and 4 kHz, of ≤ 25 dBHL. However, 

one participant presented with ‘mild’ hearing loss in at least the better ear, with a 4F-PTA of ≤40 dBHL. 

Given the limited number of participants that could be recruited for this study within a short time-frame, 

we chose to include this participant in the analysis. Participants were not receiving clinical intervention 

at the time of involvement in the study and the participant with a mild hearing loss had already received 

a diagnosis from recent consultation with a clinical audiologist. 

 

Table 1. Subject Characteristics. 

Participant Age (years) Gender 4F-PTA in better ear 
1 58 F 8.75 
2 59 F 1.25 
3 65 F 7.5 
4 61 F 7.5 
5 66 F 21.25 
6 67 F 10 
7 56 F 3.75 
8 63 F 27.5* 
9 67 F 21.25 

10 66 M 22.5 
11 58 F 8.75 
12 62 F 16.25 
13 59 F 23.75 

*Mild hearing loss 

 

Otoscopic examination was performed prior to testing, to identify potential contraindications to 

audiometric testing. All participants showed normal middle ear pressure and compliance, as measured 

with standard 226 Hz tympanometry, using a Titan middle ear analyser (Interacoustics, Middelfart, 

Denmark). None of the participants showed evidence of significant cognitive impairment, as measured 

by a range of computerized cognitive tests (Cogstate Ltd, Melbourne, Australia), where impairment was 

categorised using Z scores that were compared with aggregated age group norms (see section 3.1.4.). 
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All participants reported good general health at the time of testing and had normal or corrected-to-

normal vision. The recruitment, information consent process and test procedures were approved by the 

Human Research Ethics Committee (Medical Sciences) of Macquarie University (Reference number: 

5201600151). 

3.2 Stimuli 

3.2.1 Visual stimuli 

The visual stimuli consisted of a high contrast sinusoidal concentric grating which alternated with a 

similarly radially modulated star-shaped grating (see Figure 1) for a duration of 500 ms each, adapted 

with written permission from Doucet et al. (2006). The circle and star stimuli were presented 150 times, 

with the intention of inducing the percept of shape transformation, which is known to active the ventral 

visual pathway in humans (Doucet et al, 2006). The displays were generated using Presentation software 

(Neurobehavioral Systems Inc.). Participants were instructed to focus their gaze on the centre of the 

concentric circle/ star pattern for the duration of the testing. There were a total of 300 stimulus 

presentations, with an overall test duration of three minutes. 

 

Figure 1. Visual stimuli, as used by Doucet et al. (2006), consisting of a high contrast sinusoidal concentric grating, 
alternating with a similar star-shaped grating, every 500 ms. 

 

3.2.2 Speech perception stimuli 

Speech perception was assessed using both sentence (high linguistic redundancy) and word materials 

(lower linguistic redundancy), presented with 4-talker babble noise at a signal-to-noise ratio (SNR) of 

+ 0 dB. The noise used for both the sentence and word materials was speech shaped noise. Bamford-
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Kowal-Bench (BKB) sentences adapted for Australian speakers (BKB-A) (Bench & Doyle, 1979) were 

used for the sentence condition, and the open-set, monosyllabic consonant-nucleus-consonant (CNC) 

word tests (Peterson & Lehiste, 1962) were used for the word condition. Both sentence and word tasks 

were presented through inserts at a comfortable listening level of 75 dB SPL. Participants were presented 

with two lists of 16 BKB sentences and one list of 50 CNC words, and were instructed to repeat the 

sentences and words as best they heard. Sentences were scored for percentage of key words correct and 

words were scored for percentage of whole words correct. 

3.3 MEG and EEG data acquisition and processing 

Brain activity was continuously recorded using a whole-head MEG system consisting of 160 axial 

gradiometers with a 50 mm baseline (Model PQ1160R-N2, KIT, Kanazawa, Japan), housed in a 

magnetically shielded room (MSR) (Fujihara Co. Ltd, Tokyo, Japan). EEG recordings were also made 

concurrently, using a 64-electrode MEG-compatible whole head EEG system (BrainProducts GmbH, 

Gilching, Germany). EEG was performed using Ag/AgCl sintered electrodes attached to an EasyCap®, 

over which the MEG marker coils were secured prior to concurrent MEG/EEG data acquisition. Vertical 

electrooculogram (EOG) and heartbeat signals were collected by placing an electrode at below the right 

eye and at the back. The EEG electrode positions, MEG marker coil positions and head shape were 

measured using a pen digitiser (Polhemus Fastrack, Cochester, VT). All measurements were performed 

with the participant lying in a supine position, looking up at the image projected on the ceiling. Both 

MEG and EEG recordings were collected using a sampling rate of 1000 Hz, with a high pass filter of 

0.03 Hz and low pass filter of 200 Hz.  

Offline EEG data were processed using Fieldtrip toolbox (Maris & Oostenveld, 2007) implemented in 

MATLAB (R2014 b). The data were re-referenced to the common average. Ocular artefact and heartbeat 

artefact correction to the EEG signals were performed using Independent Component analysis (ICA) 

which utilises a statistical blind source separation approach (Jung et al., 2000). The function of ICA was 

to identify components that presented maximal temporal statistical independency. This appeared, a 

priori, as a valid approach to separate neuronal EEG and ocular artefacts because these signals are 

generated by different uncorrelated processes (Grouiller et al., 2007). 
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After removal of ocular artefacts, the continuous EEG was band-pass filtered with a frequency cut-off 

between 0.5 to 35 Hz. Further, the resulting EEG was divided into trials/epochs of 600 ms with 100 ms 

baseline. Therefore, each epoch represented the evoked response to the morphing visual changes of the 

presented stimuli. The epochs were then baseline corrected between -100 ms to 0 ms. In order to remove 

noisy trials, trials which had absolute amplitude greater than 75µV between -100 ms up to 500 ms, were 

excluded from further analysis. The remaining trials were averaged to obtain the event related potentials 

(ERP) waveform. P1, N1 and P2 peaks were identified and marked through visual inspection prior to 

analysing cognitive and speech scores, to avoid potential bias. The P1 peak component was identified 

as the first positive peak occurring within the latency window of approximately 90-120 ms. The N1 

component was identified as the second peak occurring in the negative direction, within a latency 

window of approximately 120-170 ms. Lastly, the P2 component was observed as the third peak 

occurring in the positive direction, with a latency window approximately within 220-270 ms. If a peak 

component was identified outside of the prescribed latency ranges, it was still marked as the closest 

corresponding peak depending on its order of appearance in the waveform. P1 amplitudes were defined 

from the onset of the wave to the P1 peak value; N1 amplitudes as the peak of the N1 component to the 

peak of the P2 component and the P2 amplitude as the peak of the P2 component to the offset value of 

the waveform. Wave latencies were marked at the highest amplitude of the peak.  

3.4 Cognitive tests 

Cognitive domains were assessed using a game-like computerized test battery, the Cogstate Brief 

Battery (Cogstate Ltd, Melbourne, Australia), which has been designed to test psychomotor, attentional, 

working memory and visual learning ability. An additional test, called the Groton Maze Learning Task 

(GMLT) (Cogstate Ltd, Melbourne, Australia) was also added to the battery to provide a measure of 

executive function and spatial memory. There were a total of five subtests in the battery that were 

administered with the same laptop and the same test conditions for each of the participants. The tester 

was present at all times during the test sessions and gave verbal instructions prior to each subtest. 

Participants were required to complete the whole test battery twice, to encompass both a practice and 

baseline measure.  
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Baseline measures (the second completion of battery following the initial practice) were used to 

calculate Z scores using the following formula, which accounted for age-related norms provided by 

Cogstate Ltd., in order to exclude any participants who showed evidence of cognitive impairment: 

Z_DET_current  = !"#$$%&'()
*+ * Multiplicand 

where 

Z_DET_current = Standardised current score 

xcurrent  = individual performance on the Detection task for the current assessment 

X = age specific normative mean performance 

SD = age specific normative standard deviation 

Multiplicand = -1 when the task variable involves speed for the ‘Detection’, ‘Identification’ and ‘One 
Back’ tasks or for errors on the GMLT (as a lower score indicates improved performance) 

Multiplicand = +1 when the task variable involves total correct and accuracy for ‘One Card Learning’ 
task (as a higher score indicates improved performance) 

 

Cognitive impairment was identified when 50% or more of the tasks in the battery were impaired at -

1.00, i.e. a Z score of <-1.00 on three or more tasks were needed to categorize cognitive impairment. 

All participants were found to be within the normative range. 

Furthermore, a combined ‘composite’ cognitive score was computed for each individual as a measure 

of their overall cognitive performance. Firstly, the mean and standard deviation (SD) of the baseline 

scores for each subtest was calculated for the group and the difference in score from the group mean 

baseline was calculated for each individual, across the five subtests. Standardised scores were then 

computed using the following formula, whereby the difference from the group mean baseline scores are 

standardized by dividing the difference by the relevant baseline SD for each subtest: 

 

Where j= assessment, 1=baseline, t=task. Note that “x -1” was only applied for subtests where lower 

scores indicate improvement (i.e. the GMLT, Detection, Identification and One Back tests) 
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A combined cognition score was then calculated by taking the average of the standardised scores across 

all tasks at each assessment for each individual: 

 

Where i=individual, j=assessment, t=task, N= number of tasks 

3.4.1 Groton Maze Learning Test (GMLT) – test of executive function 

The GMLT is a computerized neuropsychological task, primarily designed to assess executive function 

and spatial memory ability (Snyder et al., 2005). The task takes around 7 minutes to administer in healthy 

individuals. Participants were instructed to find a ‘hidden’ pathway to navigate through a 10 x 10 grid 

of grey tiles (see Figure 2), from the top left corner to the bottom right corner. A 28-step pathway was 

therefore hidden among these 100 potential locations. 

 

Figure 2. A monochromatic example of the computerized GMLT. Participants were instructed to navigate from 
the top left tile (shaded tile) to the bottom right tile (with concentric circle pattern) by finding a ‘hidden pathway’. 

 

The subjects were required to learn the pathway through trial and error feedback. Upon completion of 

one trial, the participant was returned to the start location and needed to repeat the test with the same 

pathway four more times, with the instruction to try and remember the pathway they had just completed.  

A practice trial (with a different hidden pathway) was initially administered to allow familiarisation with 
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the task, using a smaller 6 x 6 grid. Participants were also instructed to make their moves as quickly and 

accurately as possible, and each trial was timed – starting from the moment the first move was made. 

The main outcome measure of interest for this test was total number of errors made over the five 

successive learning trials. 

3.4.2 Simple Reaction Time 

This task, called the ‘Detection Test’, was designed to assess psychomotor function using a simple 

reaction time paradigm to measure processing speed. The task usually takes three minutes to administer 

in healthy individuals. A single card was presented in the centre of the screen facing down and 

participants were required to press the ‘K’ key as soon as the card turned over. A beep would sound if 

the participants made a response too soon or if they failed to respond. The main outcome measure for 

this test was speed of performance, which was calculated using the mean of the log10 transformed 

reaction times for correct responses (in ms), where a lower score indicated better performance. 

3.4.3 Choice Reaction Time 

This task, called the ‘Identification test’, uses a choice reaction time paradigm to measure attention and 

takes around three minutes to complete in healthy individuals. Once again, a single card was presented 

in the centre of the screen facing down, and participants were required to decide ‘Is the card red?’ If the 

card was red, they needed to press the ‘K’ key for a ‘yes’ response and if it wasn’t red, they needed to 

press the ‘D’ key to indicate a ‘no’ response. A beep would sound if the participants made a response 

error. Participants were encouraged to work as quickly and as accurately as possible when completing 

the task. The main outcome measure for this test was also speed of performance, which was calculated 

using the mean of the log10 transformed reaction times for correct responses (in ms), where a lower 

score indicated better performance. 

3.4.4 Pattern Separation 

This task, called the ‘One Card Learning Test’, uses a pattern separation time paradigm to measure 

visual memory and takes around six minutes to complete in healthy individuals. A single card was 

presented in the centre of the screen facing down, and participants were required to consider the 

question, ‘Have you seen this card before in this test?’ Each time a card was revealed, the participant 

needed to decide if he/she had been shown that card before in this test and press the ‘K’ key for a ‘yes’ 
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response and the ‘D’ key to indicate a ‘no’ response. A beep would sound if the participants made a 

response error. Participants were again encouraged to work as quickly and as accurately as possible 

when completing the task. The main outcome measure for this test was accuracy of performance, which 

was calculated using the arcsine (the inverse of a sine function) transformation of the square root of the 

proportion of correct responses, where a higher score indicated better performance. 

3.4.5 Working memory using an n-back paradigm 

This task, called the ‘One Back Test’, uses an ‘n-back’ paradigm to measure working memory 

performance and takes around four minutes to complete in healthy individuals. A single card was 

presented in the centre of the screen facing down, and participants were required to consider the 

question, ‘Is the previous card the same’? Each time a card was revealed, the participant needed to 

decide if the card was identical to the one shown just before and press the ‘K’ key for a ‘yes’ response 

and the ‘D’ key to indicate a ‘no’ response. A beep would sound if the participants made a response 

error. Once again, participants were encouraged to work as quickly and as accurately as possible when 

completing the task. The main outcome measure for this test was speed of performance, which was 

calculated using the mean of the log10 transformed reaction times for correct responses (in ms, as per 

the ‘Detection’ and ‘Identification’ tests), where a lower score indicated better performance. 

3.5 Statistical Methods and Analyses 

Statistical analysis was performed using IBM SPSS Statistics version 22. Three of the thirteen total 

participants were excluded from the EEG analysis due excessive noise or contraindications to EEG 

testing. For analysis of the amplitudes and latencies for each of the VEP components (P1, N1 and P2), 

various data exclusions for certain participants were also necessary due to either excessive noise and/or 

absence of an identifiable waveform.  

Relationships between the speech perception measures, cognitive domains, and VEP measures, were 

visually explored using scatterplots. To assess the strength and direction of association between the 

variables, a two-tailed Spearman’s rank-order correlation was performed. Due to the limited sample 

size, the non-parametric Spearman’s rank-order correlation was selected instead of the Pearson product-

moment correlation coefficient as the sample did not meet the assumption of bivariate normality. A 

Bonferroni adjustment was applied to account for multiple comparisons. It is expected that further 
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expansion of this cohort will permit more robust statistical modelling to assess potential predictive 

relationships and certainly, verify the trends that have emerged from this small sample.  

The correlational analysis was used to address the key research questions as follows: 

1. Is there a relationship between specific components of the VEP (i.e. P1, N1 and P2 components) 

at occipital and/or temporal electrode sites, and cognitive abilities, in older adults? 

Spearman’s rank-order correlation was used to investigate whether a relationship exists between 

variables of the amplitudes and latencies of P1, N1 and P2 components at Oz, T7 and T8 electrode 

sites and both ‘combined cognition score’ and individual subtest scores from the Cogstate cognitive 

test battery.  

2. Is there a relationship between specific components of the VEP (i.e. P1, N1 and P2 components) 

at occipital and/or temporal electrode sites, and speech perception in noise abilities, in older 

adults? 

Spearman’s rank-order correlation was used to investigate whether a relationship exists between 

variables of the amplitudes and latencies of P1, N1 and P2 components at Oz, T7 and T8 electrode 

sites and sentence (BKB) and word (CNC) scores, presented in noise.   

3. Is there an association between speech perception abilities in noise (using word recognition and 

sentence recognition scores) and cognitive capacity measured visually (specifically processing 

speed, attention and working memory using Cogstate) in older adults?  

Spearman’s rank-order correlation was again used to explore the relationship between variables of 

CNC word score, BKB sentence score and both ‘combined cognition score’ and individual subtest 

scores from the Cogstate cognitive test battery. 
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4.0 Results 

4.1 Visual-evoked potentials 

ERP waveforms were successfully elicited in response to the morphing visual changes of the alternating 

concentric visual stimuli. The grand average ERP waveforms are shown in Figure 3, at the frontal (Fz), 

central (Cz), occipital (Oz) and left (T7) and right (T8) temporal electrode sites. Individual topographical 

VEP plots, as well as individual data for VEP component amplitudes and latencies for all subjects at Oz, 

T7 and T8 can be found in Appendices A and B. VEPs were characterized by a P1 positive deflection 

occurring at approximately 100ms after the onset of the stimulus, followed by a negative deflection (N1) 

at about 150 ms and a positive peak (P2) at approximately 220 ms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Average waveforms of the group (n=10) at five electrode locations. (Fz, Cz, Oz, T7 and T8). 
Voltage (µV) is displayed on the y-axis and time (ms) relative to the stimulus change on the x-axis. 
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Figure 4 depicts the mean amplitudes and latencies of the P1, N1 and P2 VEP components over the Oz, 

T7 and T8 electrode sites. It is evident that the greatest peak amplitude is the N1 VEP component over 

Oz, as would be expected for a visual task, however similar strengths in amplitude were not seen for P1 

or P2 components over the Oz region. The mean P2 latencies were shortest over Oz in comparison to 

P2 latencies at T7 and T8. The smallest response activation was the P1 component over all three 

electrode sites, in comparison to the N1 and P2 components. 

 

Figure 4. Graphical representation of the mean amplitudes and latencies for P1, N1 and P2 components 
at Oz, T7 and T8, with standard error bars.  

 

Figure 5 shows the grand average EEG topographical plots for P1, N1 and P2 VEP components. This 

further demonstrates that the average N1 response in the occipital region shows the strongest activation 

across the cohort, with comparatively decreased activation from the P1 and P2 VEP components. 
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Figure 5. Topographical maps of the mean voltage amplitudes (µV), at the maximum amplitude of the 
Oz P1, N1 and P2 components, respectively. The most negative value is depicted as dark blue on the 
colour scale, running to dark red as the most positive value. 

 

 

Individual topographic response distributions scaled across the participants to show the P1, N1 and P2 

VEP responses are shown in Figure 6. The P1 topographical plots show very limited P1 response 

activation, let alone in the occipital region. The N1 response is clearly discernible in most of the 

participants, with the main activity dispersed predominantly in the occipital region, however N1 

responses for two participants show considerably delayed latencies, resulting in limited visible 

activation in the topographical plot. In addition, a few participants show activity extending from the 

occipital region slightly into the temporal regions and one participant demonstrates some left parietal 

and frontal activation. For the P2 response, about half of the participants show occipital activation, 

however some responses are skewed towards the left hemisphere and into the temporal regions. The 

remaining half of the group show limited P2 responses and even demonstrate more negative responses, 

which is unexpected.  
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Figure 6. Individual topographic response maps (n=10), scaled across the participants to highlight (A) the P1 VEP response, (B) the N1 VEP response, and (C) the 
P2 VEP response. The most negative value is depicted as dark blue on the colour scale through to dark red as the most positive value.  
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4.2 Cognitive scores and relationship to speech perception and VEP measures 

Individual speech and cognitive scores for all subjects are summarised in Table 2. 

Table 2. Individual speech perception and cognitive scores for each participant 

 

 

 

 

 

 

	 SPEECH 
PERCEPTION  

 COGSTATE   

ID	
no.	

CNC 
word 
score 
(%) 

BKB 
sentence 

score (%) 

DET 
(processing 

speed) 

IDN 
(attention) 

ONB 
(working 
memory) 

OCL 
(visual 

memory) 

GML 
(executive 
function) 

Combined 
Cognition 

Score 

  LMN 
(speed) 

LMN 
(speed) 

LMN 
(speed) 

ACC 
(accuracy) 

TER (total 
errors) 

1	 50 n/a 2.50 2.67 2.76 0.91 65 0.29 

2	 62 83 2.53 2.76 2.90 1.00 47 -0.02 

3	 48 82 2.61 2.79 2.96 1.05 44 -0.39 

4	 62 90 2.59 2.75 2.86 0.92 57 -0.36 

5	 38 56 2.51 2.70 2.96 0.84 69 -0.58 

6	 60 76 2.46 2.69 2.86 1.07 68 0.58 

7	 58 80 2.48 2.73 2.79 1.13 32 0.98 

8	 46 55 2.56 2.72 2.96 1.01 52 -0.22 

9	 56 69 2.56 2.86 2.98 1.10 29 -0.28 

10	 36 47 2.53 2.77 2.97 1.09 35 0.06 

11	 48 88 2.62 2.79 2.94 1.06 30 -0.18 

12	 48 56 2.67 2.77 2.86 1.00 54 -0.49 

13	 40 76 2.43 2.66 2.83 1.19 36 1.34 
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A Spearman’s rank-order correlation was used to determine the relationship between speech perception 

scores (BKB sentences and CNC words) and the five Cogstate subtests however, there were no 

statistically significant correlations found, either with each individual subtest score or with ‘combined 

cognition score’. As expected, a significant positive correlation was found between BKB sentence and 

CNC words score at 0 dB SNR (rs = 0.704, p=0.033), which indicates that BKB sentence scores increased 

with CNC word scores. A significant negative correlation was found between 4F-PTA in the better ear 

with both BKB sentence scores (rs = -0.746, p=0.009) and CNC word scores (rs = -0.783, 0.009), 

indicating that speech perception scores for both BKB sentences and CNC words improved with 

decreasing 4F-PTA values (i.e. better hearing thresholds), despite 12 of the 13 participants showing 

clinically normal hearing thresholds. Age was positively correlated with working memory score, which 

was calculated using a ‘speed of performance’ measure, therefore higher score = poorer performance (rs 

= 0.671, p=0.036), indicating that with increasing age, working memory ability tended to be poorer (i.e. 

slower ‘speed of performance measures’).  

Correlational trends were also found using Spearman’s rank-order correlation between various VEP 

measures at Oz, T7 and T8, and both speech perception and cognitive domains, summarised in Table 3. 

Table 3 includes both unadjusted and Bonferroni-adjusted p-values. For the purposes of this thesis, only 

the cognitive domains of processing speed, attention and working memory will be discussed. These 

domains are of particular interest given the known changes in both working memory and processing 

speed with age (Salthouse, 2004), with a correlation between working memory and age also observed 

in this cohort,  and we are also interested in the influences of attentional mechanisms on brain activation 

in adults with CI. Furthermore, although not all correlations were significant following Bonferroni-

adjustment, many were trending towards significance. As such, general trends observed in the data will 

also be discussed, with acknowledgement of the small sample size (and low statistical power). It is 

intended that the current cohort will be expanded, in order to further verify these trends. For clarity, 

when describing observed relationship trends in this section, Bonferroni-adjusted p-values are stated 

where the reported relationship has been found to be ‘statistically significant’ post-adjustment.  
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Table 3. Summary of significant (unadjusted) Spearman’s rank-order correlations between VEP 
components and speech perception and cognitive measures, with p-values post-Bonferroni adjustment  

 

Variables tested Spearman’s 
correlation coefficient 

p-value (2-tailed) 
Bonferroni-

adjusted p-value N 

P1 amplitude over Oz 
BKB sentence score 

-0.762 0.028 0.056 8 

P1 latency over Oz 
BKB sentence score -0.714 0.047 0.094 8 

P1 latency over Oz 
CNC word score 

-0.892 0.003 0.006* 8 

P2 latency over Oz 
BKB sentence score 

0.806 0.005 0.01* 10 

P2 latency over Oz 
CNC word score 0.823 0.003 0.006* 10 

N1 amplitude over T8 
Attention -0.810 0.015 0.075 8 

N1 amplitude over T8 
Working memory 

-0.786 0.021 0.105 8 

N1 latency over Oz 
Attention -0.917 0.01 0.05 9 

N1 latency over Oz 
Processing speed 

-0.750 0.02 0.1 9 

P2 latency over Oz 
Working memory 

-0.806 0.005 0.025* 9 

P2 latency overT7 
Working memory -0.867 0.001 0.005* 9 

P2 latency over T8 
Working memory 

-0.800 0.01 0.05 9 

 

*Significant at 0.05 level, post-Bonferroni adjustment (p<0.05) 
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Figure 7. Scatterplots depicting relationships between A): P1 amplitude over Oz and BKB sentence 
score, B): P1 latency over Oz and both BKB sentence and CNC word scores and C): P2 latency over 
Oz with both BKB sentence and CNC word scores. 

 

Correlations were found between VEP measures and speech perception scores. A negative relationship 

between P1 amplitude over Oz and BKB sentence score can be seen in plot A of Figure 7, which shows 

that as BKB sentence score decreased, P1 amplitudes over Oz increased. Negative relationships were 

also found between the P1 VEP latency over Oz and CNC words (rs =-0.892, p=0.006) and BKB 

sentence scores, indicating that as P1 VEP latencies shortened, CNC word and BKB sentence scores 

improved (see plot B of Figure 7). Finally, in contrast, significant positive correlations were found 

between P2 latency over Oz and BKB sentence scores (rs = 0.806, p=0.01) and CNC word scores (rs = 

0.823, p=0.006) (see plot C in Figure 7). This shows that P2 latencies increased with high speech 

perception scores and also decreased with poorer performance.  

In terms of cognitive domains, no statistically significant correlations were found between VEP 

measures and overall ‘combined cognition’ scores for each subject, however correlations were found 

between VEP measures and individual subtest scores. A negative relationship was observed between 

N1 amplitude over T8 and both attention and working memory, which indicates that as attention and 

working memory ability increased (evidenced by a decrease in ‘speed of performance’ measure, i.e. 

faster speed), the N1 amplitude over T8 decreased (see plots A and B in Figure 8).  
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Figure 8. Scatterplot showing relationships between the N1 amplitude over T8 electrode site and both 
attention and working memory, (calculated using ‘speed of performance’ measure, therefore lower score 
= better performance).  

 

Negative relationships were also found with VEP latency measures. Figure 9 depicts the relationship 

between the N1 latency over Oz with both attention and processing speed. As attention and processing 

speed are both determined via a ‘speed of performance’ measure, the correlation demonstrates that as 

attention and processing speed improve (i.e. ‘speed of performance measure decreases’), the N1 

latencies over Oz increase. 
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Figure 9. Scatterplot showing relationship between N1 latency over Oz electrode site with attention and 
processing speed (calculated using ‘speed of performance’ measure, where lower score = better 
performance).  

 

Finally, negative relationships were found between working memory and the P2 latencies over Oz (rs = 

-0.806, p=0.025), T7 (rs = -0.867, 0.005) and T8 electrode sites. These relationships are depicted together 

in Figure 10 and indicate that as working memory ability improved (i.e. ‘speed of performance’ 

measures become faster, or decrease), the P2 latencies over Oz, T7 and T8 increased. 
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Figure 10. Scatterplot showing relationship between P2 latency over Oz, T7 and T8 electrode sites with 
working memory (calculated using ‘speed of performance’ measure, therefore lower score = better 
performance).  
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 5.0 Discussion and Conclusion 

This study investigated cortical VEPs measured concurrently using MEG and EEG techniques in a group 

of 13 normally-hearing older adults using a visual paradigm developed by Doucet et al. (2006). For the 

purposes of this thesis, however, we will discuss EEG results only. As expected in a normal hearing 

cohort with normal or corrected vision, grand average EEG topographical plots showed that the strongest 

activation occurred for the N1 component over the occipital region, with lower comparative activation 

at all other electrode sites (Sandmann et al., 2012).  Nonetheless, temporal activations were observed at 

the auditory T7 and T8 electrode sites in response to the visual stimulus. Furthermore, while correlations 

were not found between speech perception and cognitive measures, correlational trends were found 

between cognitive measures and N1 and P1 VEP amplitudes, as well as P1, N1 and P2 latencies in the 

temporal regions, suggesting that VEP measures could be influenced by cognitive ability, in terms of 

spread of cortical activation. However, it is important to note that due to the small cohort size and 

restricted age range, these aspects will be considered as suggested trends and limitations of this study 

will be discussed. This section will firstly outline the nature of cortical VEP activations found in this 

pilot group and specifically discuss the individual N1, P1 and P2 VEP components observed, in light of 

other relevant studies. Secondly, findings relating to VEP measures and cognitive and speech perception 

scores will be discussed in consideration of the key research questions. Lastly, this section will address 

the limitations of the present study and considerations for future research.  

While it was hypothesised that we would not expect to see ‘cross-modal’ representations in the VEP 

measures, given that this cohort is ‘normally-hearing’, it appears that a broader topographical activation 

has been observed, extending in to the temporal regions. An early study by (Clark et al., 1995) sought 

to investigate the cortical sources of the early components (50-250 ms) of the pattern-onset VEP, 

relevant to the present study. Despite using fewer EEG channels (i.e. 32 channels) than the current study 

and averaging across 28°  arcs , the topographical distribution of the VEP in a group of young adults 

(n=24; 18-35 years) with normal or corrected-to-normal visual acuity showed broad activation across 

the cortex, similar to the current study. That is, Clark and colleagues identified a P1 wave (composed of 

two sub-deflections, P75 and P100) elicited at the occipito-temporal electrode site. While there was 

limited P1 activity noted topographically in the present study, these activations appeared to be spread 

fairly evenly over the Oz, T7 and T8 electrode sites. Clark and colleagues showed that the N1 
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component, present between 120 –180 ms post-stimulus, arose from multiple sources in the occipito-

parietal, occipito-temporal and possibly frontal cortex. The N1 VEP showed strongest activation over 

the occipital region in the present study, with a mean latency of around 150 ms. However, slight temporal 

activation was also noted higher in the T7 and T8 (temporal) electrode sites. In addition, the study 

reported a P210 wave which was largest over the occipito-parietal region. The present study identified 

a P2 wave with a mean latency of around 224 ms in the occipital region (Oz).  

The N1 VEP component 

In this study, the N1 VEP component showed the strongest response in comparison to P1 and P2 

components, and was predominantly active over the occipital region. This finding is consistent with the 

study by Doucet et al. (2006), who examined VEPs in normally hearing subjects (n=16) and CI users 

(n=13) using the same visual paradigm. In their study, CI users were grouped as either ‘good’ 

performers’ or ‘poor performers’ in terms of auditory performance. Their results showed that the VEP 

responses in the normal hearers were localised more around the primary visual cortex, i.e. in the occipital 

area, and that this pattern of more modality-specific activity was also found in the ‘good’ CI performers. 

Furthermore, they found that VEP responses were more anteriorly distributed in the ‘poor’ CI 

performers in comparison to the normal hearers and ‘good’ CI performers. However, while the present 

study saw strongest occipital activation in the N1 VEP component only, Doucet et al. (2006) observed 

VEP responses across all electrode sites (Fz, Cz, T5, T6 and Oz), even in the normal hearing cohort. 

Although, some noted differences between this study and the Doucet et al (2006) study include the lower 

age range of the normal hearing group (18-52 years), as well as a different EEG protocol and electrode 

montage in the Doucet study. It should also be noted that Doucet et al. (2006) referred to electrodes T5 

and T6 in their analysis, however the present study referred to electrodes T7 and T8 given differences 

in EEG cap configuration, therefore such differences in methods would account for discrepancies in 

findings. Also of note is a difference in age range of the control group, which ranged from 18 to 52 years 

of age, as opposed to 56 to 67 in the present study.  

Campbell and Sharma (2014) also investigated the N1 VEP in both normal hearing individuals (n=8) 

and subjects with mild to moderate hearing loss (n=9) to investigate cortical cross-modal plasticity, 

using the same visual paradigm as Doucet et al., (2006) and the present study. The study compared 

amplitudes and latencies for the P1, N1 and P2 VEP components between the normal hearers (NH) and 
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hearing loss (HL) group, focussing on electrodes in the occipital region of interest. The mean N1 

amplitude for the NH group was noticeably smaller, around 1.8 µV, in comparison to 4.8 µV in the 

present study. Again, there were noted differences in EEG methodology and age range of the 

participants, with the use of high density, 128 channel EEG, as well as an age range of 37 to 68 years. 

Overall, the study found a trend of increased amplitudes and decreased latencies across the three VEP 

components (P1, N1 and P2) in the occipital region in the hearing loss group, compared to the normal 

hearing group.  

While the present study observed the most activation at the occipital region across subjects, Buckley 

and Tobey (2011) examined the N1 VEP response to peripheral visual motion over the right temporal 

lobe. Their study aimed to investigate the association between auditory deprivation, visual/auditory 

cross-modal plasticity and speech perception abilities in post-lingual deafened CI users, and the right 

temporal lobe was selected to examine the extent to which visual/auditory cross-modal plasticity in this 

auditory cortical region might influence speech perception outcomes with a cochlear implant. Indeed, 

past studies have shown that individuals who achieve greater speech perception abilities with a CI appear 

to recruit the right temporal cortices for speech processing (Mortensen et al., 2006). Moreover, studies 

by Fine et al. (2005) and Finney et al. (2001) have demonstrated that the right temporal cortical regions 

show evidence of visual/ auditory cross-modal plasticity in deaf individuals, being responsive to visual 

stimuli.  

The study by Buckley and Tobey (2011) involved 22 cochlear implant users with severe to profound 

sensorineural hearing loss (SNHL) (10 with prelingual deafness and 12, post-lingual onset) and 10 

normally hearing individuals, with an age range of 22 to 40 years. A key difference from the present 

study was in the visual stimuli, which consisted of moving visual gradients located in a square pattern 

on a grey background, with still pictures of cartoon characters located in the centre. The paradigm was 

designed to evoke visual peripheral motion, therefore subjects were instructed to keep their eyes 

focussed on the centre of the image throughout the task and were also asked to press a button in response 

to the appearance of a black box at one of the corner gradient positions – this was to ensure that they 

were also monitoring the entire screen as well as fixating on the centre of the image (Buckley & Tobey, 

2011). EEG recordings were made using a 68 electrode cap, referenced to a single reference on the head 

in the centre line between Cz and CPz, apart from the bipolar eye-monitoring channels. Their results 
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showed discernible and replicable N1 VEP responses in all individuals, with a mean latency of 219.09 

ms for the normal hearing group. The amplitude of the N1 VEP recorded over the right temporal lobe 

in the normal hearing group was -0.725 µV. These findings differ slightly from the present study in 

normally hearing individuals, which showed a shorter mean N1 VEP latency over the right temporal 

region of 152 ms and a larger amplitude of -1.75µV. Interestingly, the study found no significant 

differences in N1 VEP response amplitude or latencies between the normally hearing, prelingually deaf 

and post-lingually deaf groups, however it was also noted that there were large age differences, with the 

normal hearing group being significantly younger than the post-lingually deaf group. Intriguingly, this 

appears to contradict previous research findings, which have shown that N1 VEP response latencies in 

response to motion is shorter in young individuals in comparison to older individuals (Jiang et al., 2009; 

Langrová et al., 2006). 

Furthermore, the topographical distributions in the normally hearing group in the Buckley and Tobey 

(2011) study appeared to be distributed over the left parietal lobe, with some responses also over the 

occipital lobe, and this pattern of response activation appeared to be mostly consistent within the normal 

group. This response distribution pattern of the N1 VEP slightly differs with that seen in the normally 

hearing cohort of the present study, where activation of the N1 VEP was largely seen in the occipital 

region, with only some individuals showing evidence of parietal activation. These differences may be 

attributed to factors such as the nature of visual stimuli used, as well as differences in mean age of the 

normal hearers, i.e. approximately 29 years, in comparison to a mean of 62 years of age in the present 

study.  

The P1 and P2 VEP components 

In the present cohort, both the P1 and P2 VEP amplitudes appeared to be much smaller in comparison 

to the N1 VEP amplitude and while some individual topographic maps showed slight evidence of 

occipital activations for the P2 component, very limited activity was seen from the P1 VEP in response 

to the stimulus. The P1 and P2 VEP components have been discussed to a lesser extent in studies 

examining visual/auditory cross-modal plasticity, however certainly, there have been studies which have 

shown responses from both components to a greater extent than found in the present cohort. The 

aforementioned study by Campbell and Sharma (2014) in CI users and normal hearers, while having 

focussed predominantly on the N1 VEP, noted that mean P1 and P2 VEP amplitudes over the occipital 
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were increased for the HL group in comparison to the normally hearing group. The mean P1 VEP 

amplitudes were much larger in this study’s normally hearing cohort, with a mean P1 amplitude of 

approximately 2.25 µV, compared to 0.32 µV in the present study. However, the mean amplitudes for 

P2 in the NH group appeared to be more similar, with the Campbell and Sharma (2014) study showing 

a mean of about 1µV for the P2 amplitude, which was closer to a mean of 1.64 µV, in the present cohort. 

Furthermore, the study found the presence of an additional P2 VEP component in a subset of the HL 

group. Their findings of greater P2 VEP amplitudes in the HL group are consistent with other studies in 

deaf individuals e.g. Doucet et al. (2006), however this was particularly noted in ‘good’ CI performers.  

While the present study elected to replicate a visual paradigm used by Doucet et al. (2006), some studies 

have opted to use different visual stimuli. Sandmann and colleagues (2012) used parametrically 

modulated reversing checkerboard images and EEG source localisation to investigate cross-modal 

reorganisation in the auditory cortex of post-lingually deafened CI users (n=11),  and compared this to 

a group of normally hearing controls (n=11). Interestingly, their findings revealed smaller amplitudes 

P1 VEP amplitudes and reduced activation in the visual cortex in CI users, in comparison to the normally 

hearing controls. Furthermore, CI users also showed recruitment of the right auditory cortex to purely 

visual stimuli, which suggests a visual ‘take-over’ cortical reorganisation pattern in the auditory cortex 

of CI users, which importantly, was found to be inversely related to speech perception ability in right 

ear implanted CI users. Their finding of smaller P1 VEP amplitudes and smaller visual cortex activation 

in CI users appears to contrast with results of other studies showed enhanced VEP amplitudes e.g. 

Neville and Lawson (1987) and more recently, Campbell and Sharma (2014) and larger recruitment of 

the visual cortex in deaf subjects compared to normally hearing controls (Fine et al., 2005; Bavelier, 

2001). Campbell and Sharma (2014) speculated that given the more complex pattern of visual 

stimulation relative to their study (and also the present study), the checkboard pattern stimulus may have 

‘tapped in’ to a different stage of visual processing. Their argument for using the checkerboard stimuli 

included that in contrast to motion stimuli, checkerboard reversals elicit strong, high SNR VEPs, even 

at shorter latencies, and that VEPs elicited by this type of stimuli are less variable in waveform 

morphology and latency than responses to other types of stimulation, evidenced in previous studies 

(Sandmann et al., 2012). This raises an important point in consideration of future studies examining 
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cortical VEPs, in that the type of visual stimuli used has the potential to influence the nature of the VEPs 

elicited, and thus should be taken into account when making comparisons between studies.  

VEPs and correlations with speech perception and cognitive measures 

The present study assessed speech perception-in-noise ability using two widely-utilised clinical speech 

tests – BKB sentences and CNC words, presented at a comfortable listening level with +0dB SNR 4-

talker babble. A novel, computerized cognitive test battery, designed to assess five cognitive domains 

was also used to investigate cognitive abilities. A key research question of this study involved whether 

there is an association between speech perception abilities in noise and cognitive capacity (measured 

visually) in older adults. Surprisingly, no significant correlations were found between speech perception 

scores for either sentences or words and any of the five cognitive domains assessed, particularly given 

that cognitive domains such as working memory and processing speed are known to be critical for 

speech comprehension, and are susceptible to declines in older adults (Peelle et al., 2010); Wingfield et 

al., 2005). The potential limitations of these tests and study in general will be discussed later in this 

section. However, correlations were found between some components of the cortical VEPs with specific 

cognitive measures, namely attention and working memory, and also between VEP response latencies 

and speech perception scores.  

In addition to having the aim of evoking cortical VEPs to examine cross-modal plasticity in subjects 

with hearing loss and/or CI users, several studies have attempted to investigate associations between 

cortical VEPs and speech perception performance. However, no studies have examined the potential 

effect of cognitive domains on VEPs. Given that multiple studies have demonstrated that speech 

perception-in-noise is significantly correlated with cognitive ability (see Lunner, 2003) and that age is 

highly correlated with cognitive declines (Salthouse, 2004), it may be of interest to better understand 

the role of cognitive domains in influencing speech perception and potentially, VEP measures in older 

adults. Findings thus far in studies of CI users increasingly suggest that speech perception abilities post-

cochlear implantation may be limited by cross-modal plasticity. That is, the extent of activation of the 

auditory cortex by a visual stimulus or the reduction of activation of the visual cortex appears to be 

correlated with speech perception outcomes. Despite this, it is not clear whether cognitive ability (or 

declines in the case of older adults) is also associated with cross-modal plasticity or rather, a greater 

distribution of cortical activity. 
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A key aim of this study was to examine whether a relationship exists between specific components of 

the VEP (i.e. P1, N1 and P2 components) at occipital and/or temporal electrode sites, and speech 

perception in noise abilities, in this cohort. Significant positive correlations were found between the P2 

latency over Oz and BKB sentence scores (rs = 0.806, p=0.01) and CNC word scores (rs = 0.823, 

p=0.006). This shows that P2 latencies increased with high speech perception scores and also decreased 

with poorer performance. Campbell and Sharma (2014) found a similar trend in their study, however in 

a different component – the N1 VEP. Campbell and Sharma (2014) investigated the relationship between 

the latency of the N1 VEP component with speech perception performance, as the N1 VEP has been 

implicated as a marker of cross-modal reorganisation in deafness (Buckley & Tobey, 2011; Armstrong 

et al., 2002). They utilised the QuickSIN TM clinical test to assess speech perception-in-noise ability, 

which reports an SNR threshold as an outcome measure; with a lower threshold or score indicating better 

performance. They included both the NH group and HL group together in the correlation analysis, given 

that hearing loss consists of a gradual increase in auditory threshold from 0 dB HL. Their findings 

showed a negative correlation between N1 latency and QuickSIN scores across the group (rs=-0.701, 

p=0.001), indicating that higher QuickSIN scores (i.e. worse performance) were associated with shorter 

N1 latencies. Hence, whilst the present study did not find significant correlations between speech 

perception (in noise) scores and the N1 VEP component, there was a significant positive trend between 

VEP latency in the occipital region and speech perception score, i.e. P2 latency and both sentence and 

word scores.  

Another key aim was to investigate whether a relationship exists between specific components of the 

VEP (i.e. P1, N1 and P2 components) at occipital and/or temporal electrode sites, and cognitive abilities 

(measured by Cogstate), in this cohort. There were some observed relationships between N1 and P2 

VEP components and cognitive domains assessed using the Cogstate cognitive test battery. Of particular 

interest, a relationship was observed with VEPs over the right temporal region. The N1 VEP amplitude 

over T8 (the right temporal region) showed a negative relationship with ‘speed of performance’ 

measures of attention and working memory (i.e. lower scores = better performance). Therefore, as 

attention and working memory improved, the N1 VEP amplitude over T8 decreased. This is an 

interesting trend given that more widespread activation patterns in response to visual stimulation were 

associated with poorer speech perception outcomes in CI users, whereas better performing CI users 
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showed more enhanced and concentrated brain activity within the visual cortex, a similar pattern to that 

seen in normal-hearers (Doucet et al., 2006). Furthermore, age-related mechanisms may be implicated 

here, given that increased brain activity has been interpreted as a ‘compensatory’ effect in studies 

involving older adults (Grady et al., 1995; Grady et al., 1994), which has been proposed to be a result 

of factors such as reduction in selectivity of responses or a lack of efficiency in neural resources.  

Further interesting correlations were found between N1 and P2 VEP latencies with attention, processing 

speed and working memory. The N1 VEP latency over Oz showed a negative relationship with attention 

and processing speed (both ‘speed of performance’ measures, i.e. lower score = better performance), 

indicating that as attention and processing speed improve (reflected in a lower ‘speed of performance’ 

score), the longer the N1 VEP latencies. Similarly, a negative relationship was seen in the P2 latencies 

over Oz, T7 and T8 with working memory, in that as working memory improved, the P2 latencies over 

all three electrode sites increased. While longer VEP latencies have not been specifically correlated with 

cognitive measures in other studies interested in cross-modal plasticity, shorter VEP latencies have been 

significantly related to individuals with hearing loss in the study by Campbell and Sharma (2014). Given 

the link between hearing loss in older adults and cognitive decline, the potential role of cognitive ability 

in this trend in an older adult population remains to be addressed and hence may be of interest. Further 

studies in older adults examining cognitive abilities in addition to speech perception performance and 

correlation to VEPs are therefore required to shed further light on this trend.  

In summary, it is clear that there are considerable variations in the literature in terms of the classification 

of cross-modal plasticity and its relationship to speech perception outcomes, particularly in the selection 

of speech perception measures, categorisation of speech perception performance and differences in 

visual stimuli used to investigate the cortical VEPs. While cross-modal plasticity has been assumed to 

be a plastic change that has occurred in the cortex, it cannot be reliably assumed that the cortical 

activation patterns measured within the cross-sectional studies are a true reflection of this compensatory 

change, or simply an observed association with a speech perception measure. Furthermore, this pilot 

study has shown evidence of a potentially ‘broader’ activation pattern in older adults that may relate to 

measures of cognitive ability, which may be important to consider when investigating evidence of cross-

modal activity in clinical populations. Therefore, the results of the current study (while from a limited 

number of participants) suggest a need to consider cognition and perhaps age as a potential source of 
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variability when examining cross-modal activations in adults with hearing loss and/or a cochlear 

implant. 

Limitations and future directions 

This study had several limitations. The small sample size, given the restricted age range and time 

restraints, limited our ability to examine the strength and reliability of the observed trends and hence, 

they have been presented as such. Although not all relationships were found to be ‘statistically 

significant’ following adjustment for multiple comparisons in correlational analysis, observed 

relationship trends were still discussed, with the intention to expand this cohort to further verify these 

trends.  In addition, there was a large gender bias in the cohort, with only one male participant and 

twelve female participants. This study did not find any significant correlations between speech 

perception-in-noise measures and cognitive abilities, as might have been expected given that speech 

comprehension, particularly in adverse listening conditions, relies on aspects of cognition (Peelle et al., 

2010; Wingfield et al., 2005). Whilst there was a spread of speech perception-in-noise abilities within 

the cohort, the cognitive abilities appeared to be comparatively more homogenous (i.e. smaller standard 

deviations noted, than for speech perception scores).  

Furthermore, this study also screened participants using the Cogstate tests (in reference to age-related 

normative data) to exclude individuals with evidence of cognitive impairment. Perhaps a larger cohort 

with a greater age range or range of cognitive abilities may have yielded an effect. Furthermore, the 

sensitivity of the Cogstate cognitive tests has mainly been shown in studies within clinical populations, 

e.g. cognitive impairment in mild traumatic brain injury and schizophrenia. However, studies have noted 

the feasibility and validity of the use of the Cogstate tests in ageing adults with no evidence of dementia 

(Mielke et al., 2015). The present study has also assessed the feasibility of using Cogstate to both assess 

and screen cognitive domains in an older adult population. The battery certainly shows promise as a 

visual-only assessment of specific cognitive domains in an older population, particularly for use future 

studies in individuals with a hearing loss and/or CI. An additional benefit of the test design is the 

applicability to longitudinal cohort studies given the predominantly ‘game-like’ interface, which can be 

randomised across trials/ test sessions to avoid a familiarity effect. This would be particularly useful in 

investigating brain changes over time following cochlear implantation. Further verification of the 

suitability of this test paradigm will continue with future follow-up studies.  
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The choice of visual task in this study is another factor to consider, in acknowledgement of the variability 

in stimuli used in other studies. The visual paradigm used in this pilot was mainly selected as it has been 

previously validated and utilised in earlier studies investigating cross-modal plasticity in CI recipients 

and was also fairly simple to recreate. In view of the literature regarding audiovisual integration and its 

benefits for speech understanding, perhaps incorporation of both visual and auditory elements into a test 

paradigm would yield for an interesting investigation of how visual and auditory processing interact.  

In addition, differences in speech perception-in-noise tests have been noted across various studies. In 

the present study, an SNR of +0dB was used as a standardised way of assessing speech-perception-in 

noise ability in a normally-hearing group. This SNR has been found in the literature to yield a roughly 

50% speech perception performance or speech reception threshold (SRT) using CNC word tests in noise 

(Boothroyd, 2008), hence +0dB SNR was chosen to avoid ceiling effects. Additionally, it was expected 

that the cohort would perform better on the BKB sentences at the same SNR given the higher linguistic 

redundancy due to contextual cues, however a fair spread of performance was also seen for this task 

amongst the cohort. Again, perhaps further studies in a larger cohort, where there may be a greater range 

of performance would yield an effect. Furthermore, dedicated speech-in-noise perception tests such as 

the QuickSINTM, utilised by Campbell and Sharma (2014) may yield more sensitive measures of 

performance, in that the level of noise is varied for each individual to determine their individual SNR 

threshold. 

In summary, this pilot study has yielded several considerations for prospective studies. Although MEG 

data from this study was not presented and discussed in this thesis, it is intended that future analysis will 

take place to combine both MEG and EEG findings to take advantage of their complementary 

information, as well as further expansion of this cohort/ study to include individuals with untreated 

hearing loss and eventually, CI users.  

Conclusion 

To conclude, this pilot study investigated cortical VEPs measured concurrently using MEG and EEG 

techniques in a small group of older adults with normal hearing abilities. EEG findings have 

corroborated the visual paradigm used, having successfully elicited an identifiable VEP waveform 

across the cohort. Grand averaged VEP responses have shown strongest activation of the N1 component 
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over the occipital region in comparison to the frontal and temporal regions, which is consistent with 

other literature in normal hearing individuals showing stronger activations concentrated in the visual 

cortex, in comparison to CI users. However, temporal activations were also noted in this cohort.  

While the present study found no significant correlations between speech perception-in-noise 

performance and cognitive abilities, correlations were found between cognitive test measures and VEP 

components in the temporal regions. Importantly, this trend suggests that there may be a relationship 

between VEP measures and cognitive domains, in terms of spread of cortical activation in an older 

population. While it is becoming clear that speech perception abilities in adult CI users may be limited 

by cross-modal plasticity, i.e. the extent of activation of cortical temporal (auditory) regions by visual 

stimuli is correlated with poorer speech perception outcomes, it is still not clear whether cognitive ability 

is also associated with cross-modal plasticity, or a greater distribution of cortical activity. Certainly, 

further studies in both normally hearing and hearing-impaired older adults are required to further verify 

these trends.  
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7.0 Appendix A – Individual topographical VEP plots for each participant (excluding 
participants 1, 6 and 12, who either had data that could not be analysed due to excessive noise or 
could not complete EEG testing).  
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Appendix B – Individual VEP component amplitudes and latencies for all subjects at Oz, T7 and T8 
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