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Abstract 
 

Multisensory integration is essential for the accurate perception of, and safe navigation 

through, our noisy, dynamic everyday environment. Evidence suggests that older adults 

exhibit increased, less accurate multisensory integration compared to younger adults, which 

can have a negative impact on activities of daily living such as speech perception and balance 

maintenance; the relationships between each of these concepts are explored in detail in 

Chapter 2. A greater understanding of the age-related changes in the bottom-up and top-

down mechanisms of multisensory integration is key given our increasingly ageing population. 

As a result, Chapters 3-4 investigated the interplay between temporal precision and 

attentional control during audiovisual integration; the findings of these chapters suggested 

that the increased integration experienced by older adults could be attributed to weaker top-

down attentional control and less modulated multisensory processing.  

The most comprehensive account of how multisensory processing changes with 

healthy ageing may therefore come from investigating the neural correlates of attentional 

control; Chapters 4-6 explore the functional role of alpha activity (8-12Hz) in the inhibition of 

task-irrelevant information, and whether reduced alpha activity in older adults could reflect 

their weaker attentional control during audiovisual and auditory processing. These chapters 

produced novel insights as to how patterns of alpha activity may change as a function of 

healthy ageing. Potential reasons for this are posited throughout; a recurring theme was the 

impact of heterogenous ageing trajectories on an older adult's ability to employ 

compensatory strategies, to preserve speech perception and balance performance.  



 

11 
  

  

Taken together, this thesis has uncovered how age-related changes in the attentional 

modulation of sensory information may be reflected in alpha activity, and the impact of such 

changes on older adults' everyday speech perception and balance ability. The potential 

implications of this and directions for future research are discussed.  

 

 

 

 

  



 

Chapter 1   12 
  

 

1. Introduction 

1.1. Mechanisms of Multisensory Integration 

1.1.1. What is multisensory integration? 

The quick and accurate perception of our multisensory environment is contingent upon the 

integration of relevant, reliable sensory inputs and the suppression of irrelevant, noisy inputs, 

to form a unitary representation of the world around us (Stevenson et al., 2018; Talsma et al., 

2010). Multisensory integration has been found to bring a variety of behavioural benefits, such 

as improved detection, improved localisation, and faster response times (Cornelio et al., 

2021). This binding of visual and auditory sensory information is a complex process that 

requires both bottom-up and top-down mechanisms. For example, on a perceptual level, 

bimodal sensory inputs being presented closely together in space and time increases the 

likelihood of them being perceived as occurring from the same event, and subsequently being 

integrated (Calvert et al., 2004; Spence, 2007). In addition, on a cognitive level, this influx of 

sensory information must be modulated, for example by determining whether the two inputs 

are semantically congruent (Laurienti et al., 2004; Spence, 2007), or by allocating attentional 

resources to attending to relevant stimuli and suppressing irrelevant stimuli (Mozolic et al., 

2008; Talsma et al., 2010). The contributions of each bottom-up and top-down mechanism in 

building an accurate representation of our complex, dynamic environment have been a topic 

of much debate over the last decade, especially with regards to how multisensory integration 

changes across the lifespan (Jones & Noppeney, 2021; Murray et al., 2016).  
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1.1.2. Multisensory integration in healthy ageing 

Older adults are believed to exhibit increased multisensory integration compared to younger 

adults, showing faster response times and greater accuracy in response to multisensory 

stimuli than unisensory stimuli, compared to the responses of younger adults (Laurienti et al., 

2006; Laurienti et al., 2004; Peiffer et al., 2007). At first glance, this seems beneficial – for 

example, being able to effectively utilise visual and auditory cues has been found to improve 

driving performance in older adults (Ramkhalawansingh et al., 2016). As a result, previous 

literature has framed integration in older adults as "multisensory benefits" or "enhanced 

integration" (Laurienti et al., 2006). However, it is important to note that these "benefits" are 

simply describing the improved speed and accuracy older adults exhibit in response to 

bimodal stimuli compared to unisensory stimuli. Instead, when considering the key perceptual 

and cognitive mechanisms of multisensory integration that appear to deteriorate with healthy 

ageing, the picture is much more negative, with older adults experiencing increased 

integration of task-irrelevant stimuli and integration that is less temporally precise. As a result, 

it could be argued that the use of the phrase "multisensory benefits" when describing the 

differences in multisensory integration between younger and older adults may be misleading 

in this context. Instead, when describing "increased integration", it is the less accurate, less 

modulated multisensory integration of older adults that is being referred to.  

Indeed, previous research suggests that increased integration can be detrimental to 

veridical perception, due to the fact that older adults may be more prone to integrating 

sensory inputs that are incongruent, task-irrelevant, or not temporally aligned (Bedard & 

Barnett-Cowan, 2015; Hirst et al., 2019; Setti et al., 2014; Jones & Noppeney, 2021). Age-
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related changes in both bottom-up mechanisms such as temporal processing, and top-down 

mechanisms such as attentional control, have been postulated as key factors in increased 

integration older adults (Mozolic et al., 2012; Bedard & Barnett-Cowan, 2016). This marked an 

important shift in multisensory research, highlighting the importance of acknowledging both 

perceptual (stimulus-driven) factors and cognitive factors in multisensory integration (Talsma 

et al., 2010). Due to the importance of multisensory integration in building an accurate 

representation of our environment, the increased, erroneous integration experienced by older 

adults can often be dangerous, and can have a negative impact on their performance in 

activities of daily living, such as speech perception and balance maintenance (de Dieuleveult 

et al., 2017; Setti et al., 2011; Setti et al., 2014). Given our increasingly ageing population, it is 

of utmost importance that a detailed understanding of age-related changes in multisensory 

integration is developed, including how such changes are reflected in the brain, and the 

impact that they have on an older adult's quality of life.  

This thesis consists of a series of investigations into the perceptual and cognitive 

mechanisms involved in audiovisual processing, and how these are affected by increasing age. 

A particular emphasis will be placed on understanding the neural correlates of attentional 

control during audiovisual integration, analysing differences in oscillatory neural activity 

between younger and older adults. In addition, throughout each project, the importance and 

real-world relevance of investigating the age-related changes in multisensory integration will 

be discussed, specifically with regards to the impact that such changes have on the everyday 

life of older adults during tasks like speech perception and balance maintenance.  
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1.1.3. Bottom-up mechanisms of multisensory integration: Temporal processing 

The key perceptual characteristics that influence the likelihood of visual and auditory inputs 

being bound together are their spatial and temporal proximity (Vroomen & Keetels, 2010). 

From a bottom-up perspective, some researchers have focussed on studying the differences 

between younger and older adults in the temporal processing of auditory and visual stimuli 

(Setti et al., 2011; Bedard & Barnett-Cowan, 2016; Baum & Stevenson, 2017; Stevenson et al., 

2018). If bimodal inputs are presented closely together in time, they are more likely to be 

perceived as occurring from the same event and bound together into a single perceptual 

entity (Meredith & Stein, 1985; Bedard & Barnett-Cowan, 2016). This is known as the 

"temporal rule" of multisensory integration. The time frame within which two sensory signals 

from different modalities can be presented, processed and integrated is referred to as the 

temporal binding window (TBW). A common way to measure the TBW in the laboratory often 

involves asking participants to complete simultaneity judgement tasks (deciding whether two 

different sensory inputs were presented at the same time or at different times), or completing 

temporal order judgement tasks (deciding which of the sensory inputs occurred first; Bedard 

& Barnett-Cowan, 2016). A narrower TBW facilitates more precise temporal processing, and 

therefore in theory, having a shorter time frame over which integration can occur should 

produce a more accurate multisensory percept.  

With increasing age, the TBW becomes wider, to the extent that older adults may 

erroneously bind together visual and auditory inputs that do not occur at the same time and 

therefore should remain separate (Bedard & Barnett-Cowan, 2016; Mozolic et al., 2012). For 

example, Chan et al. (2014) presented auditory and visual sensory inputs to younger and older 
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participants, and found that older adults required a larger stimulus-onset asynchrony (SOA) 

for the two inputs to be perceived as occurring at different times. The researchers concluded 

that this was indicative of older adults having a wider temporal binding window than younger 

adults (Chan et al., 2014; Bedard & Barnett-Cowan, 2016). The wider temporal binding 

window of older adults can result in noisy, confusing perceptions of their dynamic 

environment, supported by the fact that the wider TBW of older adults is also associated with 

their increased risk of falls (Mahoney et al., 2014; Setti et al., 2011; see section 1.3.1). Multiple 

researchers have postulated potential reasons for the weaker temporal precision in older 

adults during multisensory integration. For example, age-related decreases in GABA as an 

inhibitory neurotransmitter could reduce an older adults' ability to inhibit noisy or irrelevant 

sensory inputs, which may lead to an increased difficulty in recognising the temporal order of 

incoming bimodal sensory signals (Caspary et al., 2005; Bedard & Barnett-Cowan, 2016). 

Nevertheless, it remains clear that the wider TBW of older adults is problematic for veridical 

perception due to the increased integration of bimodal sensory inputs that may not be 

occurring closely together in time.  

 

1.1.4. Bottom-up mechanisms of multisensory integration: Spatial location 

In order for two sensory inputs to be perceived as occurring from the same event, another 

key perceptual characteristic is that they originate from similar locations in space. This is 

known as the "spatial rule", which argues that multisensory integration is dependent upon 

the proximity with which stimuli from two different modalities are presented (Spence, 2013). 
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In neural terms, this would mean that bimodal stimuli have an increased likelihood of being 

integrated if they stimulate cells that have overlapping receptive fields in the superior 

colliculus, producing a neural response enhancement (Spence, 2013; Meredith & Stein, 1996; 

see section 1.2). With regards to audiovisual integration, the spatial rule has been measured 

most frequently using the ventriloquist effect (Bruns, 2019; Chen & Vroomen, 2013). For 

example, presenting a sound at the same time that a light is presented at a different location 

shifts the perceived location of the sound towards the visual stimulus.  

In contrast to the temporal processing required in multisensory integration, spatial 

localisation appears to be generally preserved with healthy ageing (Jones et al., 2019; 

however, see Park et al., 2021). That is, despite older adults generally producing a slower 

performance, they show a similar tendency as younger adults to integrate visual and auditory 

stimuli that is spatially proximal (Jones et al., 2019; Stawicki et al., 2019). Indeed, any 

differences in multisensory integration that have previously been detected between younger 

and older adults in renowned audiovisual tasks like the sound-induced flash illusion (Chan et 

al., 2014; Setti et al., 2011; DeLoss et al., 2013; McGovern et al., 2014) are more likely to be 

attributed to age-related changes in temporal precision as opposed to spatial localisation. As 

such, whilst both the temporal rule and the spatial rule are important features of bottom-up 

sensory processing, there is more evidence to suggest that age-related changes in temporal 

precision have the greatest influence on the increased multisensory integration exhibited by 

older adults. It is therefore reasonable to explore whether certain higher-level, top-down 

mechanisms could modulate, or improve, the temporal precision of sensory processing, to 

allow older adults to produce a more accurate multisensory percept.  
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1.1.5. Top-down mechanisms of multisensory integration: Attentional control 

One potential top-down mechanism involved in the modulation of audiovisual integration is 

attentional control. When multiple sensory modalities are receiving lots of competing inputs 

(therefore the salience of each discrete input is low), top-down selective attention is essential 

for identifying and integrating congruent stimuli, and for the inhibition of task-irrelevant or 

incongruent stimuli (Talsma et al., 2010; Talsma et al., 2007; Mozolic et al., 2008; Posner & 

Driver, 1992). This top-down directed attention can therefore modulate audiovisual 

processing – if the multimodal inputs are congruent, multisensory integration is facilitated (i.e. 

more accurate responses, faster response times), however if the inputs are incongruent, 

inhibitory control is required to prevent them from being integrated (Fairhall & Macaluso, 

2010). As a result, if inhibitory control fails, this would lead to interference with audiovisual 

integration (i.e. decreased accuracy, slower response times; Talsma et al., 2010) and produces 

an unstable, inaccurate percept of the environment.  

A key facet of selective attention is the ability to inhibit the processing of sensory 

information that is irrelevant to the task at hand (Hasher et al., 1999; Hasher & Zacks, 1988; 

Borghini et al., 2018). In everyday life, we are bombarded with a massive amount of visual and 

auditory information; to avoid overwhelming our cognitive and perceptual systems, strong 

inhibitory mechanisms are required to filter out irrelevant information to prevent it from being 

processed further and integrated with other sensory inputs (Klatt et al., 2020). Lustig et al. 

(2007) summarised the functions of inhibition as "a) controlling access to attention's focus, b) 
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deleting irrelevant information from attention and working memory and c) suppressing strong 

but inappropriate responses". With regards to the access element of this framework, 

"inhibition serves to prevent irrelevant information from gaining access to the focus of 

attention" (Lustig et al., 2007) – that is, access control reduces the influence of distractors 

when processing target stimuli. If access control fails, then distracting or irrelevant sensory 

information is processed, and the deletion function of inhibition then serves to recognise this 

information as irrelevant to the current task and remove it from the focus of attention (Lustig 

et al., 2007). This sequential, top-down modulation of sensory information involves a network 

of multiple different "control" regions in the brain, including the prefrontal cortex and the 

parietal cortex (Curtis & D'Esposito, 2003; Gazzaley & Nobre, 2012). This thesis predominantly 

focuses on investigating the role of top-down attentional mechanisms in the modulation of 

multisensory integration, and how age-related changes in attentional control may be an 

intrinsic factor in the increased integration exhibited by older adults.  

 

1.1.6. Age-related changes in attentional control 

Previous research suggests that older adults find it more difficult to inhibit irrelevant sensory 

information compared to younger adults – this is known as the inhibitory deficit hypothesis 

(Hasher & Zacks, 1988). According to the inhibitory deficit hypothesis, older adults may find it 

more difficult to engage their attentional mechanisms to inhibit task-irrelevant, distracting 

sensory inputs; these difficulties can have a negative impact on task performance due to 

disproportionate interference effects relative to younger adults (Guerreiro et al., 2010; Lustig 
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& Hasher, 2001). If task-irrelevant, distracting information fails to be suppressed and is instead 

incorporated into the multisensory percept, this can result in older adults' producing a less 

accurate representation of their environment. Furthermore, it is important to not only explore 

age-related changes in attentional control in isolation, but also to consider how these changes 

interact with bottom-up temporal processing. Indeed, some researchers have postulated that 

strong attentional control mechanisms can narrow with width of the TBW, sharpening 

temporal precision to enhance perceptual performance (Donohue et al., 2015; Powers et al., 

2012). The weaker attentional control of older adults may mean that the boundaries of the 

TBW are therefore less restricted; the subsequent greater time range over which integration 

can occur could result in older adults experiencing increased multisensory integration and a 

less accurate representation of the environment (Pepper et al, 2023; Brooks et al., 2018; Setti 

et al., 2011).   

Crucially, previous research suggests that these age-related changes in attentional 

control can have a significant impact on an older adults' performance on a wide range of 

multisensory tasks in everyday life. Namely, if older adults are more distractible due to the 

increased integration of task-irrelevant information, this has been linked to increased fall risk 

(Setti et al., 2011). Furthermore, in everyday conversational environments, background noise 

must be suppressed to facilitate the processing of target speech – age-related attentional 

deficits may be a significant contributor to the common difficulties that older adults have in 

perceiving speech in noisy listening environments (Wostmann et al., 2015; Pichora-Fuller et 

al., 2017). Taken together, it is clear that a more detailed understanding is required of the age-

related changes in the attentional mechanisms involved in multisensory integration, and the 
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impact that this can have on older adults' perceptual performance. Analysing the neural 

correlates of such mechanisms can provide key insights into how the top-down modulation of 

multisensory integration may change as a function of healthy ageing.   

 

1.2. Neuroscience of Multisensory Integration 

1.2.1. Neuroanatomy of multisensory integration 

Due to the fact that, by definition, multisensory integration involves one sensory modality 

affecting the neural activity produced by another sensory modality (de Dieuleveult et al., 

2017), a large amount of research has focused on pinpointing the key brain areas responsible 

for binding congruent sensory inputs together. Two key brain areas have been regularly 

identified – the superior temporal sulcus (STS) and the superior colliculus (SC). The position of 

the STS, between the visual association cortex and the posterior temporal region, is a clear 

target for research into audiovisual integration, serving as a convergence area for the sensory 

inputs processed by the visual system and the auditory system to form a unified percept 

(Venezia et al., 2017; Wallace & Stevenson, 2014; Beauchamp et al., 2010; Beauchamp et al., 

2005; Stevenson & James, 2009). A key finding that supports the role of the STS in audiovisual 

integration is its reflection of the super-additivity theory of multisensory processing, in that 

exposure to stimuli from two different modalities elicit a greater neural response in the STS 

than exposure to unimodal stimuli (Beauchamp et al., 2005). For example, whilst the posterior 

STS shows increased activation in response to visual stimuli, and the anterior STS shows 

increased activation in response to auditory stimuli, the greatest activation across the STS is 
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evoked from exposure to audiovisual stimuli (Wright et al., 2003). The STS has been specifically 

implicated in the evaluation of the temporal factors associated with multisensory integration, 

such as the temporal binding window. For example, Calvert et al. (2000) found that when 

contextually and temporally congruent visual and auditory information was presented to 

participants, the STS displayed greater neural activity than when the visual and auditory 

information was incongruent.  

The evaluation of the spatial and temporal proximity of multimodal stimuli has also 

been identified as a key role of the superior colliculus (SC). Given its location in the midbrain, 

the SC has proven to be difficult to study in humans, therefore the majority of the research 

into its role in multisensory integration has been based on single neuron studies in cats 

(Stanford et al., 2005; Rowland et al., 2007; Wallace & Stein, 1997). The key finding of these 

studies is that stronger neural activity in the SC is evoked in response to multisensory inputs 

that are spatially and temporally proximal, compared to the activity evoked when unisensory 

inputs are presented (Meredith et al., 1987; Holmes & Spence, 2005). Crucially, not only does 

the SC have projections to visual, auditory and somatosensory cortices (Meredith et al., 1992), 

but evidence also suggests that the SC can interact with higher-level cortical brain regions 

involved in attentional networks (Talsma & Woldorff, 2005); this may highlight the SC as a key 

brain region involved in the interplay between bottom-up and top-down mechanisms in 

multisensory integration. For example, reciprocal connections between the SC and the 

parietal cortex have been implicated in coordinating attention across modalities and orienting 

attention towards target stimuli (Talsma & Woldorff, 2005; LaBerge, 1995; Stein & Meredith, 

1993).  Taken together, the STS and the SC have served as the predominant focal points for 
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research into the neurobiology of multisensory integration, identifying how subcortical and 

cortical brain regions may interact during the top-down modulation of sensory processing.  

 

1.2.2. Neural oscillations – the functional role of alpha activity 

Whilst the investigation of these key brain areas has significantly developed our understanding 

of multisensory integration, important insights can also be uncovered from analysing 

oscillatory neural activity, particularly with regards the to the functional role of different 

cortical activations during perceptual and cognitive processes. Neural oscillations refer to 

patterns of neural activation arising from the synchronised firing of neurons. Oscillations are 

classified into different frequency bands – delta (3-4Hz), theta (5-8Hz), alpha (8-12Hz), beta 

(13-30Hz) and gamma (>30Hz; Keil & Senkowski, 2018). Previous research suggests that each 

frequency band is associated with different functions – broadly speaking, gamma activity is 

believed to index bottom-up sensory processing, beta activity is associated with predictive 

coding and motor control, and crucially, alpha activity has been studied in relation to 

attentional control and inhibition (Keil & Senkowski, 2018).  

From a stimulus-driven perspective, previous research has found that increased 

gamma-band activity is associated with low-level perceptual binding of the visual and auditory 

stimuli (Keil & Senkowski, 2018). For example, increased gamma activity has been found to be 

correlated with an increased susceptibility to the SIFI, and the related touch-induced flash 

illusion (Mishra et al., 2007; Lange et al., 2011; Bhattacharya et al., 2002), especially within in 

the superior temporal gyrus (Balz et al., 2016). If gamma activity reflects the low-level, 
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bottom-up processing of sensory stimuli, this raises the question of which frequency band is 

responsible for moderating this influx of sensory information. Alpha activity (8Hz-12Hz) has 

been regularly implicated in the attentional modulation of multisensory integration. For the 

purposes of analysing how it changes as a function of healthy ageing, alpha activity can be 

explored in relation to the "gating-by-inhibition hypothesis". This hypothesis suggests that 

alpha activity is an inhibitory mechanism which suppresses task-irrelevant information, in 

order to increase availability of cortical resources for relevant information (Jensen & Mazaheri, 

2010). At this point, it is important to note that an inverse relationship exists between alpha 

power and brain activity – lower alpha power is associated with greater neural activation, 

whilst higher alpha is associated with less neural activation (Shaw et al., 2018). Crucially, an 

increase in alpha power is believed to reflect the ability to ignore task-irrelevant information, 

whilst decreases in alpha power may reflect an increased activation of engaged brain regions 

to facilitate attention towards the target stimuli (Wostmann et al., 2017; Jensen & Mazaheri, 

2010). Due to the central role of attention and inhibition in the top-down modulation of 

multisensory integration, the studies in this thesis focussed on measuring and entraining alpha 

activity, and investigating how age-related changes in alpha activity may underlie the 

increased audiovisual integration exhibited by older adults. 

This functional inhibition by alpha activity is believed to be associated with optimal 

task performance (Jensen & Mazaheri, 2010). In situations when task-irrelevant sensory 

information must be inhibited, alpha power must increase to suppress the processing of these 

inputs and reduce the likelihood of them being integrated into the multisensory percept. 

Furthermore, in situations when the stimuli is congruent and should be bound together, alpha 
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power must decrease in order to facilitate the processing of these inputs in higher-level brain 

regions. For example, O'Sullivan et al. (2019) presented participants with congruent or 

incongruent auditory and visual speech inputs, under clear or noisy listening conditions. The 

researchers found that when inputs were incongruent and therefore should not be integrated, 

parieto-occipital alpha power increased to suppress the irrelevant visual information. The 

reduced influence of distracting visual inputs facilitated the processing of the target auditory 

signal. Likewise, when the visual and auditory information was congruent, alpha power 

decreased to facilitate audiovisual integration and improve the speed and accuracy of speech 

perception (O'Sullivan et al., 2019; Pepper & Nuttall, 2023). 

From this, and based on the theories discussed regarding the weaker attentional 

control exhibited by older adults compared to younger adults, it would be fair to suggest that 

each age group may display different patterns of alpha activity during audiovisual processing. 

For example, after implementing a working memory task, Borghini et al. (2018) found that 

older adults displayed weaker inhibition of distracting visual information compared to younger 

adults, which was reflected in older adults having lower alpha activity. Likewise, it is well-

established that older adults have weaker speech-in-noise perception compared to younger 

adults (Slade et al., 2020; Pichora-Fuller et al., 2017; Getzmann et al., 2016), exhibiting a 

reduced ability to inhibit the task-irrelevant background noise in their environment.  

Wostmann et al. (2015) found reduced overall alpha power in older adults during challenging 

listening conditions, attributing this to the decreased maintenance of selective attention and 

less efficient inhibition of task-irrelevant information in older adults compared to younger 

adults (Wostmann et al., 2015; Sander et al., 2012). However, many paradigms in this area 
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involve exposing younger and older adults to unisensory information, therefore limited 

evidence exists as to how age-related changes in audiovisual integration may be reflected in 

alpha power.  

 Taken together, it is clear that analysing oscillatory alpha activity during audiovisual 

processing can provide key insights into how the top-down modulation of integration may 

change as a function of healthy ageing. Above all, it is important to measure the impact that 

these age-related changes can have on performance in everyday multisensory tasks like 

balance maintenance and speech perception, in which attention must be allocated to the most 

relevant sensory inputs and distracting background information must be inhibited.  

 

1.3. Age-Related Changes in Multisensory Integration: Real-world 

Implications 

1.3.1. Real-world implications: balance ability 

It is well-established in previous research and in clinical practice that older adults are at an 

increased risk of falls compared to younger adults (National Health Service, 2021). The reasons 

for this are highly multifaceted – for example, prescription to certain medications (Callis, 

2016), reductions in visual acuity and hearing sensitivity (Reed-Jones et al., 2013; Campos et 

al., 2018) and age-related muscle loss (Lim & Kong, 2022) all contribute to the weaker balance 

maintenance often experienced in older adulthood. However, treatments and therapies that 

have been previously implemented to address each of these factors in clinical practice have 

only been moderately successful in reducing incidence of falls (Parry et al., 2008; Merriman et 
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al., 2015), suggesting that there may be extrinsic perceptual and cognitive factors at play that 

also exacerbate fall risk. Injuries associated with falls in the elderly cost the UK National Health 

Service approximately £4.4 billion per year, and the resulting reduction in independence and 

balance confidence has a catastrophic effect on an older adult's ability to perform activities of 

daily living, such as cooking, cleaning and shopping (Office for Health Improvement and 

Disparities, 2022). Given our increasingly ageing population, it is of utmost importance that 

cognitive neuroscientists contribute to the ongoing discussion surrounding the role of 

multisensory integration in balance maintenance, and whether anything can be done, from a 

neuroscientific standpoint, to reduce the risk of falls in older adults.  

Balance maintenance depends on efficient multisensory integration in the central 

nervous system and the subsequent musculoskeletal responses that stem from this (Katsarkas 

et al., 1994). Older adults who are identified as fall-prone, or who display weaker functional 

ability compared to other people their age, are believed to integrate too much task-irrelevant 

sensory information in their environment (Zhang et al., 2020); in contrast, older adults with 

strong balance, and younger adults who are not an increased risk of falls, accurately select 

and weigh the incoming sensory inputs with regards to their relevance, reliability and whether 

they should be integrated (Zhang et al., 2020). Previous research has suggested that the 

difficulties older adults have in ignoring task-irrelevant information may increase their 

distractibility in everyday environments (Setti et al., 2011); paired with the fact that older 

adults have a larger temporal binding window in which this distracting information could be 

processed, it would be fair to suggest that these older adults with attentional deficits may be 

more accident-prone (Setti et al., 2011; Setti et al., 2014). In this way, it is clear how age-
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related changes in attentional control during audiovisual integration can impact the balance 

ability and subsequent fall risk of older adults.  

Historically, and particularly with regards to younger adults, balance maintenance has 

been viewed as a largely automatic process involving subcortical brain areas and the 

brainstem (Dietz et al., 1992). However, healthy ageing often results in the neurodegeneration 

of subcortical balance centres (Cham et al., 2007; Murray et al., 2010; Papegaaij et al., 2014); 

consequently, older adults may rely on a compensatory strategy, engaging higher-level cortical 

brain regions to employ attentional resources as a means of maintaining balance (Ozdemir et 

al., 2016; Kahya et al., 2019). Indeed, previous research has found that, with increasing age 

and under challenging balance conditions, an increased amount of cognitive resources are 

dedicated to balance maintenance; this is supported by the fact that older adults display an 

increased activation of cortical brain regions (e.g. prefrontal cortex) compared to younger 

adults in situations where balance is compromised (Kahya et al., 2019; Boisgontier & Nougier, 

2013). As such, not only does attention impact fall risk from a distractibility perspective, but it 

is also important to consider situations in which attentional resources are being competed for. 

Indeed, the effects of attention on balance maintenance are arguably the most salient during 

dual-task situations, in which a limited pool of attentional resources must be divided between 

postural control and any secondary multisensory task (Snijders et al., 2007; Woollacott & 

Shumway-Cook, 2002).  

Dual-task paradigms studying the interplay between cognitive control and mobility 

often involve asking participants to stand in balance positions of varying degrees of difficulty, 

and systematically increasing the cognitive load of participants by adding an attentionally-
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demanding secondary task, such as speech perception (Lajoie et al., 1993). Humans have a 

limited pool of attentional resources which must be flexibly allocated between ongoing tasks; 

increasing cognitive load via the addition of a concurrent task may exceed the attentional 

capacities of older adults, resulting in a weaker performance in both the balance task and the 

secondary task (Ruffieux et al., 2015; Helfer et al., 2020; Slade et al., 2020). Given the serious 

implications that a fall can have on the health and wellbeing of older adults, this population 

tend to adopt a "posture first" approach, prioritising balance maintenance over any 

concurrent attentionally-demanding task (Ozdemir et al., 2016). Older adults' increased 

allocation of attentional resources to balance may have a detrimental effect on their 

performance in the secondary task (Slade et al., 2020; Wingfield, 2016), especially if it a 

complex multisensory situation such as perceiving speech in a noisy listening environment 

(Pepper & Nuttall, 2023; Boisgontier & Nougier, 2013). Likewise, if the attentionally-

demanding secondary task results in increased distractibility and the insufficient allocation of 

attentional resources to balance, this can result in an increased risk of falls in older adults 

(Pepper & Nutall, 2023; Setti et al., 2011; Ruffieux et al., 2015).  

Within the brain, balance ability is often studied in relation to the vestibular network, 

which includes brain areas such as the posterior and anterior insula, the superior temporal 

gyrus, and the temporoparietal junction – all of which have connections to different sensory 

cortices and are implicated in multisensory processing (Merriman et al., 2015). It is also 

important to consider the role of alpha oscillations in balance maintenance. That is, if balance 

becomes a less automatic process as a function of healthy ageing and begins to require more 

cognitive resources, it is likely that this will be reflected in increased cortical activity (i.e. 
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decreased alpha activity) in cognitive-motor brain regions. This has been evidenced in younger 

adults when balance is compromised. For example, Edwards et al. (2018) measured alpha 

activity when younger adults stood in balance positions increasing in difficulty – the 

researchers found that as balance maintenance became more challenging, alpha activity 

decreased in central and parietal brain regions. These decreases in alpha power indexed an 

increased activation of central and parietal brain regions in order to facilitate balance, 

supporting the important role of alpha in attentional control when balance is compromised 

(Edwards et al., 2018). Despite this interesting finding, there is very little evidence 

investigating how age-related changes in balance ability and fall risk may be reflected in alpha 

activity – studying these neural correlates of attention and relating them to balance is key in 

understanding why, from a neuroscientific perspective, older adults may be at an increased 

risk of falls.  

 

1.3.2. Real-world implications: speech perception 

Balance maintenance is not the only multisensory everyday task that becomes more difficult 

with increasing age – older adults also find it more difficult than younger adults to understand 

speech, especially in noisy listening environments (Pichora-Fuller et al., 2017). As has been 

well-established by research into the cocktail-party effect (Cherry, 1953; Meister et al., 2013), 

one of the main challenges with understanding speech surrounds the ability to focus attention 

on the target speaker and inhibit any distracting, irrelevant background noise in the 

environment. This situation becomes more even more difficult as a function of healthy ageing, 
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not only due to hearing loss within the peripheral auditory system (e.g. degeneration of hair 

cells in the cochlea, atrophy of spiral ganglion cells, atrophy of the stria vascularis; Slade et al., 

2020), but also due to age-related declines in attentional control (Getzmann et al., 2016; 

Getzmann et al., 2015; Lin & Carlile, 2015; Schneider et al., 2011). The challenges of perceiving 

speech in noisy listening environments can lead to older adults withdrawing from social 

situations in which background noise is likely to be present, and can have a significant impact 

on the mental wellbeing of our elderly population (Nuttall et al., 2022). 

Some theories have posited that older adults may employ a compensatory strategy to 

process degraded auditory information during speech perception. The decline-compensation 

hypothesis (Wingfield & Grossman, 2006) and the information degradation hypothesis 

(Schneider & Pichora-Fuller, 2000) suggest that older adults' brains strategically recruit a 

greater amount of cognitive resources during speech perception, compared to younger adults. 

That is, to compensate for age-related sensory declines or reduced activation of specialised 

cortical regions involved in speech (e.g. inferior frontal gyrus; Peelle et al., 2010; Davis & 

Johnsrude, 2003), older adults may recruit increased cognitive resources to preserve 

performance (Peelle et al., 2010; Getzmann et al., 2015). Indeed, fMRI and EEG measurements 

during speech-in-noise perception revealed that older adults displayed increased activation in 

attentional neural networks (Wong et al., 2009; Getzmann & Falkenstein, 2011). As such, 

compared to younger adults, older adults appear to rely more heavily on top-down cognitive 

mechanisms to perceive speech in adverse listening conditions, allocating increased 

attentional resources and employing more effortful listening strategies to process the auditory 

signal (Getzmann et al., 2015; Slade et al., 2020).  
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Whilst some may argue that it is positive that older adults have developed 

compensatory strategies to preserve their ability to perceive speech, such effortful listening 

can have a detrimental effect on cognitive function (Humes et al., 2013; Slade et al., 2020). 

Based on the dual-task methodologies discussed in the previous section, whilst diverting 

cognitive resources towards speech perception and away from any co-occurring tasks may 

improve an older adult's ability to process the acoustic signal, this can weaken performance 

on the secondary task due to the limited availability of cognitive resources (Slade et al., 2020; 

Ward et al., 2017). Furthermore, in line with the sensory deprivation hypothesis, chronic 

reallocation of attentional resources towards auditory perception can result in cognitive 

decline, due to cortical reorganisation which impedes global cognitive functioning in favour of 

improved acoustic processing (Slade et al., 2020; Lindenberger & Baltes, 1994; Schneider & 

Pichora-Fuller, 2000). This highlights the importance of studying how younger and older adults 

may differentially allocate attentional resources, and the impact that this may have on both 

speech perception performance and neural architecture. 

Age-related changes in speech perception have also been investigated with regards to 

alpha power. Specifically, increases in alpha power may serve to inhibit distracting noise from 

external sources and background speakers, whilst decreases in alpha power may facilitate 

attention towards target speech (Wostmann et al., 2017; McMahon et al., 2016; Dimitrijevic 

et al., 2019). This interplay becomes even more complex when considering the fact that alpha 

activity may be responsible for different functional roles depending on where it originates in 

the brain. For example, if the core functional role of alpha activity is to inhibit background 

noise, it is likely to be driven by parietal brain regions involved in the attentional network 
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(Wostmann et al., 2017). However, if alpha instead serves to facilitate attention towards target 

speech, then it is likely to be driven by auditory brain regions in the temporal cortex involved 

in speech processing (Dimitrijevic et al., 2017). As discussed, if older adults exhibit weaker 

inhibitory abilities than younger adults during speech perception, it would be fair to suggest 

that parietal alpha activity is less effective in older adults. Instead, perhaps older adults may 

rely on auditory alpha activity to a greater degree, compensating for their weaker inhibitory 

abilities by strengthening their attention towards target speech (Herrmann et al., 2022). Taken 

together, analysing increases and decreases in alpha activity in different brain areas during 

speech perception, and how this may differ between younger and older adults, could cast light 

on the strategies that each age group use to perceive speech in adverse listening 

environments.   

 

1.4. Thesis Overview and Importance 

The perceptual and cognitive mechanisms involved in multisensory integration coordinate in 

a complex and dynamic manner to create a quick and accurate representation of our 

environment. The investigation of these mechanisms is made even more important given that 

elements like temporal precision and attentional control can deteriorate as a function of 

healthy ageing. Age-related changes in multisensory integration can have a significant impact 

on key activities of daily living like speech perception and balance maintenance; in order to 

support our increasingly ageing population, it is imperative that a comprehensive 

understanding of how the top-down modulation of audiovisual processing differs between 
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younger and older adults, and the effect this has on veridical perception. The most useful 

account will come from studying age-related changes in key neural correlates of attentional 

control during multisensory integration – specifically, from measuring the respective increases 

and decreases in oscillatory alpha power in conditions when distracting sensory information 

must be inhibited, and when attentional resources must be efficiently allocated according to 

task demands.  

 First, this thesis draws together literature investigating audiovisual speech perception 

and how this changes with healthy ageing (Chapter 2). Previous experimental paradigms are 

critically evaluated and findings surrounding the role of oscillatory alpha activity in the 

attentional modulation of audiovisual integration are discussed. This review also adopts a 

novel perspective to identify the shared top-down and bottom-up mechanisms involved in 

both speech perception and balance maintenance, highlighting how the age-related changes 

in such mechanisms can significantly impact the quality of life of older adults. Chapter 3 

studies whether younger and older adults can deploy top-down attentional control to 

influence bottom-up sensory processing through modulating the width of the temporal 

binding window. To investigate the neural correlates of this, Chapter 4 then investigates 

whether the attentional modulation of audiovisual integration could be predicted by alpha 

power, as well as measuring the association between integration, attentional control and 

functional balance ability as a proxy for fall risk. Chapter 5 describes an EEG paradigm involving 

dual-task speech perception and balance maintenance, comparing performance across both 

multisensory tasks and analysing alpha activity to understand how the flexible allocation of 

attentional resources changes with healthy ageing. Finally, to draw causal links between alpha 
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power and the ability to inhibit distracting information during auditory processing, Chapter 6 

employs a TMS-EEG paradigm to investigate whether entraining alpha oscillators could 

improve an older adults' ability to select and attend to target speech whilst suppressing 

distracting background speakers. Chapter 7 then provides a general discussion of the findings 

uncovered throughout this thesis, highlighting the important implications for our 

understanding of age-related changes in multisensory processing and postulating directions 

for future research.  

 

1.5. Rationale for Alternative Format 

Chapters 2-6 in this thesis are written in publishable manuscript format. Chapter 2 and 

Chapter 3 have both been published (Chapter 2 – Brain Sciences; Chapter 3 – Attention, 

Perception & Psychophysics). The studies detailed in Chapters 4-6 will be submitted for peer 

review. Each chapter in this thesis details different investigations into the age-related changes 

in audiovisual processing, containing both behavioural and neuroscientific findings. The 

chapters, despite being distinct papers, are logically connected and provide a comprehensive 

narrative regarding how audiovisual processing changes with healthy ageing, how this may be 

reflected in alpha activity, and the impact of such changes on speech perception and balance 

maintenance.  
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2. Age-Related Changes to Multisensory Integration 

and Audiovisual Speech Perception 
 

2.1. Linking Statement 

Chapter 2 consists of a detailed literature review providing a novel perspective on the shared 

mechanisms involved in audiovisual integration for speech processing and fall risk in older 

adults. A central topic in the review was the role of oscillatory alpha activity in audiovisual 

integration. Through critically analysing experimental paradigms and drawing together key 

findings, this review combines neuroscientific research surrounding age-related changes in 

audiovisual processing, to uncover important common factors involved in the weaker speech 

perception and increased fall risk in older adults. The key bottom-up and top-down 

mechanisms involved in multisensory integration are discussed, with a specific emphasis on 

exploring the interplay between temporal precision and attentional control. Crucially, the 

review identifies how this interplay may change as a function of healthy ageing, and the 

impact that such changes can have on an older adult's perception and action in everyday life.  

Author note: This paper was accepted in July 2023 for publication in Brain Sciences. 

The manuscript was developed in collaboration with Dr Helen Nuttall. The published 

manuscript is available online: Pepper, J. L., & Nuttall, H. E. (2023). Age-related changes to 

multisensory integration and audiovisual speech perception. Brain Sciences, 13(8), 1126. 
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importance of investigating bottom-up and top-down contributions to multisensory integration 

and how these change as a function of ageing. Specifically, perceptual factors like the temporal 

binding window and cognitive factors like attention and inhibition appear to be fundamental in 

the integration of visual and auditory information—integration that may become less efficient 
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2.2. Multisensory Integration 

Multisensory integration encompasses the mechanisms involved when information is 

processed by individual sensory systems and combined into a coherent perceptual event [1]. 

Accurate and reliable multisensory integration is dependent on the spatial and temporal 

proximity of stimuli from different modalities [2,3]. If visual and auditory inputs are presented 

closely together in time and space, there is an increased likelihood that they will be perceived 

as occurring from the same event and integrated, to the benefit of perceptual performance [4–

6]. The precise and timely binding of congruent sensory information is therefore essential for 

enabling humans to make sense of their physical environment and successfully perform 

important everyday tasks [7–9], such as participating in hobbies, mobility and balance, and 

speech perception [10,11]. 

Not only do older adults experience declines in vision and hearing function, but age-

related changes in neurobiology also result in differences in how people process sensory 

information; these changes have a significant impact on both our ability to perceive speech 

and our ability to safely move through our environment. Difficulties in understanding speech 

in noisy environments is a predominant complaint of older adults, which can negatively affect 

mental well-being due to withdrawing from social situations where speech perception is 

challenging [12,13]. This reduced socialisation is exacerbated by the difficulties in mobility 

associated with ageing; older adults experience an increased risk of falls compared to younger 

adults, which is intrinsically linked to age-related changes in multisensory processing. Over 

one-third of people over 65 will experience a fall this year, and on average, injuries caused 

by falls cost the UK’s National Health Service over GBP 4.4 billion each year [14]. Due to our 

increasingly ageing population, studying how the bottom-up and top-down mechanisms of 

multisensory integration change as a function of healthy ageing has become a high priority in 

current cognitive neuroscience research [7,15], with the aim of understanding how to potentially 

strengthen the efficacy of older adults’ perception and improve their ability to quickly and 

accurately interpret their dynamic, multisensory environment. 

If visual and auditory inputs are congruent and should conceptually be bound 

together, the integration of these unisensory cues produces behavioural enhancements. 

Within both laboratory and naturalistic tasks, such enhancements often manifest as increased 

accuracy or faster reaction times in response to multisensory stimuli compared to unisensory 

stimuli [16–18]. The most significant multisensory benefits are often reported when the 
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unisensory stimulus elicits a particularly weak or noisy response when presented on its own 

[19]. In other words, many researchers have concluded that multisensory enhancements are 

most apparent when the unisensory stimuli are ambiguous [16]. 

Previous research suggests that older adults display increased multisensory 

integration and greater multisensory enhancements relative to younger adults [16,20,21]. 

When presented with multisensory stimuli versus unisensory stimuli, older adults show 

greater increases in accuracy and speeded reaction times compared to baseline, more so than 

the enhancements exhibited by younger adults. It would be reasonable to initially suggest that 

the multisensory benefits that older adults exhibit could be due to the deterioration of sensory 

function that is associated with healthy ageing [18]. For example, as we get older, humans 

experience declines in visual acuity [22,23], which could manifest as older adults requiring 

more light to see clearly, having difficulty reading or focussing on nearby objects, and 

changes in colour perception [24]. In addition, older adults experience declines in auditory 

sensitivity at all frequencies, which results in a less accurate acoustic performance in 

everyday tasks such as speech discrimination [22,25,26]. Taken together, age-related 

declines in sensory function may mean that unisensory information may be noisy and must be 

supported by stimuli from a different modality [15,27,28]. As such, preliminary research in 

this area focussed on explaining older adults’ multisensory benefits through theories akin to 

the principle of inverse effectiveness—if the auditory or visual inputs are ambiguous due to 

age-related declines in vision and hearing, perhaps the gains produced when more sensory 

information is presented together are greater than when strong stimuli are presented 

individually [29]. However, after comparing participants’ reaction times in unisensory and 

multisensory discrimination trials to those predicted by the independent race model [30,31], 

Laurienti et al. [16] found that older adults’ multisensory enhancements could not be 

explained by age-related sensory impairments alone. 

As such, whilst the exact reason as to how and why older adults exhibit such 

multisensory enhancements remains unknown, research is beginning to move away from the 

principle of inverse effectiveness as the sole explanation [16,25], creating space for emerging 

theories that provide a more comprehensive account of how healthy ageing can affect 

perception and action. 

The objective of this narrative review is to examine how audiovisual integration for 

speech processing is affected by healthy ageing. Through critically analysing paradigms 

used in previous research and drawing together key findings, the following sections will 

provide a novel perspective on the associations between audiovisual integration, speech 
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perception, and fall risk in older adults. To our knowledge, this is the first narrative review to 

explicitly highlight the shared attentional and perceptual mechanisms involved in speech 

perception and fall risk, with a predominant focus on the role of oscillatory alpha activity in 

audiovisual integration. Comprehensively combining neuroscientific research surrounding 

age-related changes in speech perception and fall risk should uncover important common 

factors regarding the modulation of audiovisual processing, in key real-world contexts. As 

such, this review will not only aid in providing directions for future research but will also 

underline the impact that multisensory changes jointly have on speech perception, mobility 

and the overall quality of life of older adults. 

 

2.3. Temporal Precision in Multisensory Integration 

A key bottom-up factor that influences whether two sensory inputs are bound together is 

their temporal proximity. The time range within which visual and auditory information can 

be presented, perceived as simultaneous and subsequently bound together is known as the 

temporal binding window (TBW). The TBW is a mechanism used by the brain to accept 

naturally occurring stimulus asynchrony (e.g., due to differences in the speeds of light and 

sound [32]); this means that if two sensory inputs should veridically be integrated due to 

occurring from the same event, they are able to be integrated, even if they are not processed 

at exactly the same time [5,33–35]. Crucially, as stimulus onset asynchrony (SOA) 

increases—the time difference between the presentation of visual stimuli and auditory 

stimuli—the likelihood of multisensory integration decreases [36,37]. This highlights the 

importance of the TBW in accurately and timely multisensory integration and the global 

perception of our environment. For example, with regards to speech perception, we produce 

the most accurate percept of the words being spoken to us when we combine the visual input 

of the speaker’s mouth moving with the auditory input of the words being vocalised—we 

can successfully bind these inputs together because they are congruent, they are spatially 

proximal, and they fall within the TBW [2,38]. 

An important finding in recent years is that older adults have a wider TBW than 

younger adults [33,39–43]. As such, the TBW could be fundamental in explaining why older 

adults demonstrate increased integration [44]. Ultimately, due to their wider TBW, older 

adults have a larger time frame over which integration can occur, thus displaying an 
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increased likelihood of binding sensory signals that are asynchronous and failing to ignore 

incongruent information [5]. Likewise, due to the narrower TBW of younger adults, they 

demonstrate greater temporal precision in tasks where successful performance depends upon 

segregating asynchronous audiovisual inputs—that is, identifying when stimuli from two 

different modalities should remain separate [5]. 

 

2.4. How Do We Measure Audiovisual Integration? 

Mechanisms that impact multisensory integration, like the TBW, are often studied in research 

through the use of psychophysical illusions. For example, in the sound-induced flash 

illusion, participants are presented with a single visual flash and two auditory beeps, and are 

asked to report the number of flashes they observed [45]; when the visual and auditory inputs 

are presented in close temporal proximity, the multisensory illusion induces the perception 

that two flashes are presented rather than one [45]. Setti et al. [46] and Hirst et al. [28] 

implemented the sound-induced flash illusion and found that older adults were more 

susceptible to the illusory effects at longer SOAs than younger adults, integrating visual and 

auditory information more frequently than younger adults even though the inputs were not 

temporally aligned [5]. The illusion indicates the maximum SOAs in which stimuli can be 

presented and still be integrated [43], as well as highlighting the difficulties older adults have 

in discriminating temporal order and simultaneity compared to younger adults [42,46]. Some 

researchers have postulated that the increased susceptibility to the sound-induced flash 

illusion in older adults may be due to an increased reliance on multisensory integration, 

compensating for weak unisensory information due to age-related sensory declines, which is 

in line with theories like the principle of inverse effectiveness [7,47–49]. However, recent 

criticisms from Basharat et al. [50] suggest that the sound-induced flash illusion may not be 

a sufficiently sensitive measure, potentially underestimating the extent to which 

multisensory integration can occur. 

An alternative psychophysical illusion that appears to be generating increasing support 

for its ability to provide insight into the bottom-up and top-down mechanisms involved in 

multisensory integration is the stream–bounce illusion, which uses dynamic rather than static 

stimuli and thus may provide a more ecologically valid indication of how people may perceive 

their dynamic everyday environment [51,52]. In the illusion, if an irrelevant sound is played 

at the same time as two moving circles touch, participants are more prone to binding the visual 
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intersection and the auditory tone together, resulting in the percept of the circles bouncing off 

each other. Increasing the SOA between the sound playing and the circles touching generally 

decreases the likelihood of participants perceiving the circles to bounce [53]. This example of 

audiovisual integration is a phenomenon known as the auditory bounce effect [53– 56]. 

Importantly, brain regions believed to be involved in multisensory integration, such as the 

superior colliculus and the posterior parietal cortex, display increased activation when the circles 

are perceived to bounce compared to when they are perceived to stream [55], as well as 

transcranial magnetic stimulation (TMS) to the right posterior parietal cortex decreasing the 

likelihood of the participant perceiving the circles to bounce [56]. As such, the stream–bounce 

illusion has proven to be a highly useful paradigm to investigate both the perceptual and 

cognitive elements of dynamic multisensory integration. 

Focussing specifically on speech perception, arguably the most renowned illusion used 

to measure audiovisual integration is the McGurk effect [57]. In the McGurk effect, 

simultaneously presenting the visual input of a speaker articulating the sound/ga/with the 

auditory input of/ba/often results in the fused “McGurk” percept of “da” [58], indicating that 

participants bound the incongruent visual and auditory inputs together. Measuring 

susceptibility to the McGurk effect in different populations, and in clear or noisy listening 

environments, allows researchers to draw comparisons regarding the extent of multisensory 

integration between groups. Older adults may exhibit an enhanced McGurk effect compared 

to younger adults—when auditory and visual inputs are incongruent (and therefore should, 

in theory, remain separate), older adults bind these inputs together more frequently than 

younger adults do [59,60]. More than 71% of adults aged over 70 experience age-related 

hearing loss [12]; some researchers have hypothesised that to compensate for this, older 

adults may allocate more attentional resources to alternative modalities, like vision, to 

interpret acoustic information [59,61–63]. Indeed, older adults may undergo cross-modal 

cortical re-organisation due to age-related hearing loss, whereby auditory cortical regions such 

as the superior temporal gyrus receive reduced stimulation and may be more extensively 

recruited by the visual modality [12,64–67]. The increased resources available to the visual 

modality means that older adults may be able to rely on vision to support the auditory system 

in disambiguating speech [12,64,67–70]. In the McGurk effect, increased attention to visual 

inputs would result in a higher number of fused McGurk percepts in older adults. 

However, at this point, it is important to note that many studies have found a similar 

susceptibility to the McGurk effect between younger and older adults. Some researchers 

have noted that the unisensory declines that naturally occur with healthy ageing, and the 
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individual differences in factors such as education levels of participants, mean that 

comparisons between younger and older adults regarding their multisensory integration in a 

McGurk task can be challenging due to variability within age groups [15,44,59,71–73]. In 

addition, the McGurk has been criticised as being too simplistic and abstract in its 

representation of how multisensory speech perception happens in everyday life [74–76]. For 

example, the use of individual syllables and incongruent auditory and visual inputs are not 

elements that listeners experience in naturalistic conversations, casting doubt on whether the 

McGurk effect is an ecologically valid way to study veridical speech perception [74,75,77]. 

As such, some researchers are beginning to move away from McGurk as a measure 

of audiovisual speech perception and have instead explored alternative ways in which 

realistic multisensory integration can be investigated (see [74] for a review). For example, 

Peelle et al. [78] conducted an fMRI study in which auditory-only, visual-only and 

audiovisual whole words were presented in differing levels of background noise; the 

researchers found that the functional connectivity between the visual cortex and the auditory 

cortex was stronger in audiovisual conditions than in the unisensory conditions, a neural 

indication that participants were binding visual and auditory inputs together. Applying 

background noise increases the ambiguity of auditory information and is therefore an 

effective way to engage and subsequently measure multisensory integration in challenging 

conditions due to the increased reliance on vision [74,78]. Indeed, this technique can also be 

applied to visual paradigms, manipulating the clarity of the visual input (e.g., increasing 

blurriness) and measuring the effect on multisensory integration due to the increased reliance 

on audition [74,79]. Whilst age-related changes in speech-in-noise perception have regularly 

been investigated using auditory-only paradigms, there is also a large amount of important 

research analysing how visual information is used to support the auditory system in 

disambiguating acoustic information in noisy environments. Given the multisensory focus of 

the current review, we predominantly examine speech perception experiments that have 

implemented audiovisual paradigms. 

As discussed earlier, combining congruent visual and auditory information results in 

multisensory enhancements—audiovisual information has been found to improve the ability 

to perceive speech compared to unisensory inputs or incongruent audiovisual inputs 

[73,80,81]. However, research into age-related changes in audiovisual integration for speech 

perception has generated mixed findings, particularly due to individual differences in 

unisensory acuity and cognitive function between participants, and the type of speech stimuli 

used (e.g., full words, full sentences or phonemes [82,83]). Certainly, for simple stimuli such 
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as flashes and beeps, older adults are able to compensate for age-related declines in visual 

acuity and hearing sensitivity by integrating information from each modality to produce a 

quick and accurate multisensory performance [16,82]. However, in more complex scenarios 

like speech perception in ambiguous conditions, age-related declines in audiovisual integration 

become apparent [80,84]. For example, Tye-Murray et al. [85] and Gordon and Allen [86] 

found that whilst younger and older adults displayed equivalent multisensory enhancements 

when presented with clear audiovisual speech stimuli, older adults showed smaller 

multisensory enhancements compared to younger adults when the congruent visual inputs 

were degraded. Similarly, in an audiovisual speech-in-noise task, Stevenson et al. [82] found 

that older adults showed smaller multisensory benefits compared to younger adults for 

whole-word recognition when the auditory inputs were degraded (i.e., signal-to-noise ratio 

was lower); however, for the easier task of phoneme recognition, older and younger adults 

displayed equivalent increases in multisensory benefits in noisy listening environments. Not 

only do these findings highlight how audiovisual integration can serve as a compensatory 

mechanism used to facilitate speech perception, but they also indicate that the ability to detect 

age-related changes in audiovisual speech perception is dependent upon the complexity of 

speech stimuli implemented in each experimental paradigm. Future researchers must be 

mindful of designing a speech perception task that is too simplistic and consider taking steps 

to avoid ‘ceiling effects’; easy speech perception tasks with a very high accuracy rate make it 

difficult to identify significant differences in performance between unisensory and 

audiovisual conditions, and differences between younger and older adults in their 

multisensory enhancements [80,87,88]. 

Each of the psychophysical methods discussed have their critics; however, they have 

provided valuable contributions in measuring the extent to which visual and auditory 

information can be integrated and the temporal factors that influence such integration. It is 

likely that utilising paradigms that involve dynamic stimuli (like the stream–bounce illusion), or 

that reflect naturalistic speech perception, would produce results with more real-world 

resemblance than experiments that simply use static flashes and beeps; this would provide 

greater insight into how the perceptual changes that come with healthy ageing affect the 

ability of older adults to successfully navigate through their dynamic, multisensory environment 

[89]. 
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2.5. Attentional Modulation of Audiovisual Integration 

If older adults are prone to erroneous increased integration, it is important to study whether 

there are any mechanisms or processes that could be employed to modulate the multisensory 

integration of older adults, improving their precision by reducing the influence of irrelevant 

sensory information. One potential top-down mechanism that is generating increasing 

interest with regards to the modulation of multisensory integration is attentional control [90]. 

Specifically, selective attention is believed to enhance the perception of sensory information 

that is task-relevant and suppress the processing of noisy, irrelevant sensory information that 

should not be incorporated into the percept [91,92]. When multiple sensory modalities are 

receiving lots of competing inputs, top-down selective attention is essential for multisensory 

integration between the congruent stimuli [1,93]. If multimodal inputs are congruent, 

multisensory integration is facilitated (i.e., more accurate responses, faster reaction times); 

however, if the inputs are incongruent, attention can correctly impede integration [1]. For 

example, in a multisensory fMRI study involving audiovisual speech, Fairhall and Macaluso 

[94] found that when attention was directed towards visual lip movements that were 

congruent with the auditory sentence being played, this improved performance and resulted 

in increased activation in multisensory brain areas such as the superior temporal sulcus and 

the superior colliculus, compared to the brain activity when attention was directed towards 

incongruent lip-movements. 

These attentional mechanisms are clearly highly relevant to multisensory speech 

perception and how our ability to integrate audiovisual information may change as a function 

of ageing [90,95]—attention to relevant inputs and inhibition of irrelevant inputs are crucial 

in the quick and accurate processing of audiovisual speech [87,96,97]. For example, it is 

well-established that under cocktail-party conditions (i.e., segregating and attending to one 

speech source amongst multiple speakers [98]), accurate speech perception requires the 

listener to simultaneously direct attentional resources to the target speaker and suppress the 

distracting, irrelevant information of background speakers or other external noise in the 

environment [99,100]. 

The ability to inhibit distracting and irrelevant information in situations like this may 

weaken as we grow older [101–108]. This is known as the inhibitory deficit hypothesis—an 

increased processing and subsequent integration of irrelevant sensory information due to the 

reduced ability to ignore [109]. If this is the case for older adults, perhaps the weakening of 

inhibitory abilities could be an explanatory factor for their reduced speech-in-noise perception 
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abilities; older adults may find it more difficult to ignore task-irrelevant information and 

therefore display increased integration relative to younger adults [87,110,111]. 

However, there is conflicting evidence for the theory that inhibition changes with 

healthy ageing—research conducted by Hugenschmidt et al. [112] and Guerreiro et al. [113–

115] indicates that the ability to ignore distracting information is preserved with healthy 

ageing. As such, further research is required to determine whether older adults display 

weaker inhibitory abilities compared to younger adults when presented with visual and 

auditory information. At the moment, the mixed literature indicates that such findings may 

be both task-specific and modality-dependent. Nevertheless, if older adults potentially have 

difficulty in effectively deploying attentional resources to the task at hand, the subsequent 

reduced regulation of multisensory interactions could be the underlying cause of the wider 

(less restricted) TBW and the increased multisensory integration exhibited by older adults 

relative to younger adults [25]. 

 

2.6. Multisensory Integration, Attentional Control, and Falls 

An emerging theory as to why older adults display increased multisensory integration is focussed 

on this combination of the potentially weaker inhibitory control and wider TBW of older adults 

and whether it is associated with their increased risk of falls [33,42,46]. As discussed, older 

adults may be inefficient in allocating the attentional resources required to sufficiently narrow 

the TBW and modulate sensory processing, resulting in increased integration of visual and 

auditory stimuli that may be asynchronous and irrelevant [44,46]. This can lead to dangerously 

inaccurate perceptions of an older adult’s environment, resulting in a fall. 

It is important to note that there are many multifaceted risk factors associated with 

falls in older adults. For example, age-related muscle loss [116], medications that cause 

light-headedness or vertigo [117], and age-related unisensory declines [118,119] all 

contribute significantly to the weaker balance maintenance and increased risk of falls in older 

adults compared to younger adults. However, crucially, stable balance, alongside 

musculoskeletal demands, is also dependent upon the accurate integration of reliable 

sensory information in the brain [89,120]. In older adults, not only is balance made more 

challenging by declines in unisensory acuity, but declines in the efficacy and reliability of 

multisensory integration mechanisms like attentional control are also likely to negatively 

impact balance and fall risk. When fall-prone older adults are required to simultaneously 
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maintain their balance and perform a multisensory task, such as focussing on perceiving 

speech whilst walking, the activity in the brain regions associated with balance (e.g., the 

somatosensory cortex [121,122]) may be reduced, whilst the brain regions associated with 

audiovisual speech perception (e.g., superior temporal sulcus [94,123]) may be more active 

[25,91,120]. The requirement to process speech diverts the attentional resources required for 

stable balance and results in a fall, a concept which is in line with the information 

degradation hypothesis. The hypothesis suggests that humans possess a limited amount of 

attentional resources; age-related degradations of auditory inputs place demand on these 

resources (i.e., there is an increased effort to process auditory information). This results in the 

diversion of cognitive resources, away from balance and towards tasks like speech-in-noise 

perception, for example, which require effortful listening [12]. 

The role of attention in balance maintenance and fall risk has therefore regularly been 

investigated using dual-task methodologies, assessing the impact that manipulating the 

attentional demands required for different postural conditions has on perceptual 

performance. For example, Lajoie et al. [124] asked participants to provide a verbal response 

to an auditory stimulus whilst sitting, standing, and walking and found that attentional costs 

were greater (i.e., perceptual performance was worse) in the walking condition compared to 

the seated and standing conditions. The authors concluded that more challenging balance 

conditions required a greater allocation of attentional resources, suggesting that balance 

maintenance loads the cognitive system and the attentional control required may detract 

from integrative processes required for other tasks, such as speech perception [124]. 

This is supported by research by Stapleton et al. [125], who asked participants to 

complete the sound-induced flash illusion whilst sitting and standing; they found that fall-

prone older adults were more susceptible to the illusory effects when standing than when 

sitting, whilst healthy older adults did not show a difference in susceptibility to the illusion 

across the postural conditions. Stapleton et al. [125] argued that fall-prone older adults 

require more attentional resources to maintain balance, leaving fewer attentional resources 

for the multisensory sound-induced flash task and therefore displaying increased—less 

modulated—integration of visual and auditory inputs that were not temporally aligned (i.e., 

producing more illusory percepts). As such, dual-task multisensory integration in older 

adults may be dependent upon how they allocate the necessary attentional resources—to the 

multisensory task at hand, or to maintaining balance. 

In sum, the cognitive mechanisms required for audiovisual integration are strongly 

associated with balance maintenance and fall risk. This highlights the importance of 
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investigating how such mechanisms are affected by healthy ageing to understand the impact 

of age-related changes in multisensory integration. In order to gain a truly comprehensive 

understanding, it is necessary to study how the neurobiological basis of multisensory 

integration changes as a function of ageing—relying on behavioural data alone is not likely 

to provide a thorough explanation as to how the central nervous system processes and 

combines multisensory information. 

 

2.7. Neurobiology of Multisensory Integration 

Previous research has uncovered multiple sub-cortical and cortical brain regions 

associated with multisensory integration, which work together to bind visual and auditory 

information that is temporally, spatially, and semantically congruent (see [126,127] for recent 

meta-analyses identifying the implicated brain areas). The following sections of this review 

will focus on arguably the most renowned cortical region for audiovisual integration—the 

superior temporal sulcus (STS; [128])—as well as discussing the neural oscillations within 

sensory cortices that may play a key role in the modulation of multisensory processing. 

From a neurobiological perspective, the STS is a clear target for research into 

audiovisual integration due to its location at the junction between occipital and temporal 

cortex [32]. Neurons within the STS display strong activation during the processing of 

meaningful everyday visual and auditory stimuli, such as moving people or objects, or 

speech and language comprehension [78,128–132]. Activity in the STS also reflects the 

“super-additivity” theory in multisensory integration, in that bimodal stimuli elicit a greater 

neural response in this brain area than when unisensory stimuli are presented [128] (however, 

see [133]). Indeed, Wright et al. [132] found that whilst the posterior STS responded strongly 

to visual stimuli, and the anterior STS responded strongly to auditory stimuli, combined 

audiovisual stimuli provoked the strongest neural response throughout the STS. Crucially, 

brain imaging research has indicated that multisensory effects in the STS are greatest (i.e., 

neural activity is increased) when participants listen to speech in noise; participants use 

congruent visual information to support the noisy, ambiguous auditory information and 

subsequently facilitate speech perception [78,130,134–137]. 

The STS has also been implicated in specific mechanisms like the temporal binding 

window—researchers have presented participants with multisensory stimuli and analysed how 
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temporal and spatial factors evoke activations in different brain areas [138–140]. For 

example, Calvert et al. [138] exposed participants to audiovisual stimuli in the form of a 

person reading a story, in which the visual and auditory inputs were either congruent or 

incongruent. The researchers found that the congruent condition, in which multisensory 

integration is quick and accurate due to the visual and auditory stimuli being temporally and 

semantically aligned, evoked a greater neural response in the STS compared to the 

incongruent condition. This is supported by research by Powers et al. [141], who not only 

found that perceptual training can narrow the TBW and improve the temporal precision of 

multisensory integration (as did [33]), but using fMRI, the researchers also found that these 

changes were reflected in decreased activity in the STS. The STS is therefore strongly 

implicated in the evaluation of the temporal factors necessary for multisensory integration. 

A growing body of evidence suggests that the STS plays a key role in the 

susceptibility to the McGurk effect, displaying increased bilateral activation when the 

incongruent auditory and visual inputs are bound together in the task [142]. This is supported 

by a fMRI-TMS study conducted by Beauchamp et al. [143], who found that perturbing 

neural activity in the STS reduced the number of McGurk responses provided by 

participants, and this perturbation did not influence responses to non-McGurk stimuli 

[63,143]. Overall, the STS is clearly implicated in the binding of visual and auditory 

information in the dynamic, multisensory environments that people must make sense of in 

everyday life scenarios like speech perception [32,133,140,144,145]. 

However, it is important to note that when comparing neural activity in younger and 

older adults during a McGurk task, fMRI data from Diaz and Yalcinbas [63] revealed that 

each age group engaged different brain regions and thus different mechanisms throughout the 

task. Younger adults relied heavily on sensory cortices such as the superior temporal gyrus, 

whereas older adults were more likely to utilise frontal brain regions including the superior 

frontal gyrus (involved in executive function) and the superior parietal lobule (involved in 

attentional control). This indicates that older adults required more cognitive resources than 

younger adults to perceive audiovisual speech, once again highlighting the important role of 

cognitive control in multisensory processing [90]. The authors suggested, in line with previous 

research discussed in this review, that older adults may rely on alternative strategies to 

perceive audiovisual speech as a potential compensatory mechanism for declines in sensory 

function [7,28,48,63]. Fundamentally, these data suggest that the STS is not exclusive for its 

role in multisensory integration, and it is instead highly likely that multiple different sensory 

and cognitive brain areas are functionally connected (e.g., the superior parietal cortex, 
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prefrontal cortex, premotor cortex; [78,127,146]), working together to bind visual and 

auditory inputs in younger and older adults for quick and accurate performance in tasks like 

speech perception and balance maintenance. 

 

2.8. Oscillatory Alpha Activity in Multisensory Integration 

Whilst the specific brain regions associated with bottom-up and top-down 

multisensory integration have been well-established using techniques such as fMRI and PET, 

arguably less is known about the neural oscillations involved in multisensory integration and 

how these may change with healthy ageing. Neural oscillations are a compelling area of 

research due to their ability to index the synchronisation of brain activity within and across 

cortical areas, providing crucial insight into the neurophysiology of perception and cognition 

[147]. Due to the fact that multisensory integration engages multiple different brain regions, 

oscillatory activity can reveal how these areas coordinate with each other to facilitate 

perception. Specifically, oscillations reflect neural activity on a population level [148], 

providing a direct indication of the brain areas that simultaneously exhibit increased activation 

during the processing and binding of audiovisual information. Using neural oscillations, it is 

therefore possible to examine, with high temporal accuracy, the activity and functional 

connectivity in different brain regions during multisensory integration [149] and how this may 

change with healthy ageing. In addition, in the same way that we can link different brain regions 

like the STS to certain functions, oscillations in different frequency bands (alpha, beta, 

gamma, and theta) are believed to be responsible for specific mechanisms; bottom-up 

sensory processing is often associated with gamma-band activity (greater than 30 Hz), 

whereas top-down modulation of sensory processing is linked to lower frequency bands (less 

than 30 Hz) [149,150]. Studying simultaneous fluctuations in oscillatory activity within these 

frequency bands during behavioural tasks allows conclusions to be drawn regarding their 

roles in perception, cognition, and action [149]. An area of research which is generating 

increasing interest is the link between attentional control, multisensory integration, and cortical 

oscillations in the alpha band (8 Hz–12 Hz). Historically, alpha oscillations have often been 

referred to as “idling” rhythms, indicative of resting brain areas. However, oscillatory alpha 

activity is also strongly associated with the top-down processes involved in multisensory 

integration such as selective attention [151,152]. 
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Increases in alpha activity, particularly in parieto-occipital regions, are believed to 

reflect the effort required to suppress distracting, task-irrelevant sensory information [151–

157]; likewise, decreases in alpha power are indicative of increased neural activation in 

sensory brain regions, facilitating sensory processing [152,158,159]. When participants are 

directed towards an area of space in which the target stimulus is presented, alpha power 

decreases in parieto-occipital regions contralateral to the attended location [160,161] and 

increases in ipsilateral parieto-occipital brain regions [151,158,162,163]. In this way, 

attentional cuing tasks akin to those used by Posner et al. [164] have been implemented with 

unisensory and multisensory stimuli, comparing alpha power in the “attending” hemisphere 

to alpha power in the “ignoring” hemisphere during the task to analyse the participant’s 

ability to inhibit task-irrelevant information [111,152]. Taken together, this highlights alpha-

band oscillations as a clear target for analysis of neural activity during multisensory 

processing under different attentional conditions. 

Crucially, due to the hypothesised role of alpha in selective attention, and the 

deterioration of inhibitory abilities with healthy ageing, it is fair to suggest that younger and 

older adults may display age-related differences in alpha activity [102,103,107,108]. 

Borghini et al. [108] designed a transcranial alternating current stimulation (tACS) 

experiment to causally link age-related changes in alpha oscillations to inhibitory 

performance during a working memory task that required participants to ignore task-

irrelevant information. Not only did the researchers confirm previous findings that inhibitory 

abilities were weaker in older adults, but also, Borghini et al. [108] found that stimulating 

alpha-band activity in the parietal region of older adults improved their inhibitory 

performance, to the extent that they were equally successful in the task as younger adults. 

These important findings indicate a clear link between alpha oscillations and inhibitory 

control; an age-related reduction in alpha activity in older adults may result in their weaker 

ability to ignore task-irrelevant information. Stimulation increased alpha activity and older 

adults subsequently displayed improvements in inhibitory control [108]. The findings of 

Borghini et al. [108] are a positive indication that whilst alpha activity and inhibitory abilities 

may diminish as we age, they could indeed be modulated through brain stimulation. 

The role of oscillatory alpha power has also been studied in relation to speech 

perception in noisy environments. For example, O’Sullivan et al. [165] analysed participants’ 

alpha activity under cocktail-party conditions [98] and manipulated whether audiovisual 

inputs were congruent or incongruent; they found that alpha activity over the parieto-

occipital brain regions could indicate whether the participant was attending to the visual 
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modality or the auditory modality. That is, when successful performance in the task required 

participants to ignore incongruent visual information, EEG data displayed increases in alpha 

activity over parieto-occipital electrodes. In addition, in the condition where visual and 

auditory information was congruent, alpha activity decreased—both sensory modalities were 

receiving task-relevant information that facilitated speech processing, there was no distracting 

sensory input and therefore alpha activity was lower [152,165]. 

Recent research has therefore investigated whether the weaker performance of older 

adults in speech-in-noise tasks may be reflected in age-related differences in alpha power. For 

example, Tune et al. [166] asked middle-aged and older adults to complete a dichotic listening 

task in a noisy acoustic environment. Interestingly, the researchers found that on a neural 

level, middle-aged and older adults showed a similar modulation of alpha power, and on a 

behavioural level, both age groups performed similarly in the task [166]. Contrary to evidence 

suggesting that older adults may have inhibitory deficits, these findings suggest that selective 

spatial attention may be preserved with healthy ageing [166,167]. Tune et al. [166] also 

highlighted the high level of variability between participants when measuring data as sensitive 

as alpha power, finding that other cognitive characteristics of participants, such as education and 

working memory, were stronger predictors of behavioural performance than age. Indeed, 

Stern et al. [168] explained the importance of lifestyle and experiences in the ability to 

compensate for age-related declines in cognitive processes like attention. Namely, engaging 

in more social activities or education throughout our lives, for example, accumulates cognitive 

“reserve”, a resource bank which allows for the use of alternative cognitive strategies and 

which strengthens existing brain networks (see [68] for a detailed review). Individual 

differences in cognitive reserve would result in a mixed performance between younger and 

older adults in tasks that require inhibitory processes and attentional control, like speech-in-

noise tasks. This once again highlights the importance of accounting for the sensory and 

cognitive individual differences of participants in multisensory research, especially when 

studying the sensitive age-related changes in such processes [28,44]. 

There is also evidence suggesting that the alpha band is strongly associated with 

temporal elements of multisensory processing, researched through the implementation of 

some of the illusions discussed earlier in this review. Crucially, Klimesch et al. [157] argued 

that alpha oscillations are responsible for the creation of time ranges in which sensory 

processing can occur, reflective of the concept of the TBW. This is supported by theories 

posited by Jensen and Mazaheri [169] and Ruhnau et al. [170]; oscillatory alpha may control 

the temporal processing of sensory information by establishing the temporal boundaries in 



 

Brain Sci. 2023, 13, 1126 

63  

 

which processing can occur after stimulus presentation. In other words, some researchers 

have suggested that the length of the oscillatory cycle directly relates to the TBW for 

multisensory integration, in which individual alpha frequency could predict the susceptibility 

to audiovisual illusory percepts. For example, Cecere et al. [171] hypothesised that the 

duration of an alpha oscillation could index the temporal window for the integration of visual 

and auditory information in the sound-induced flash illusion. The researchers found a 

positive correlation between individual alpha frequency (IAF) and the TBW at which the 

illusion could be maximally perceived; a lower IAF produced a longer TBW for multisensory 

integration to occur [155], increasing the susceptibility to the illusion at longer SOAs. This 

finding was replicated by Keil and Senkowski [155], who implemented the same paradigm 

and found that the length of the individual alpha band cycle in participants’ occipital cortex 

indexed the TBW for multisensory integration, further highlighting the important role that 

oscillatory alpha activity plays in audiovisual integration—both with respect to attentional 

control and temporal processing [151]. 

The critical finding, with respect to multisensory integration, is that oscillatory alpha 

activity appears to impact perception by modulating the excitability of the sensory cortices 

[151]. When cortical excitability is high (i.e., alpha power is low), neurons within that brain 

region are more likely to be activated resulting in increased multisensory integration. 

 

2.9. Oscillatory Alpha Activity in Balance Maintenance and Fall Risk 

As mentioned previously, balance maintenance and postural control are dependent 

upon the accurate integration of visual, auditory, proprioceptive and vestibular information 

[172]. Over recent years, it has been argued that cortical brain regions become increasingly 

involved in balance due to age-related declines in sub-cortical (cortico-thalamic) sensorimotor 

tracts and sensory deterioration [173–175]. As such, age-related changes in cortical 

frequency band activity are likely to uncover underlying neural reasons behind the increased 

risk of falls in older adults. In contrast to methods like fMRI, EEG can measure neural activity 

whilst participants are seated, standing, walking, or lying down, rendering it an incredibly 

useful technique to study how the different frequency bands contribute to balance 

maintenance by manipulating posture [175]. Whilst research has found that, under difficult 

balance conditions, there is increased activity in the theta band over parietal [176] and frontal 

[177] brain areas, alpha oscillations once again appear to be the cortical frequency band most 
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highly associated with the multisensory, attentional aspects of balance. 

For example, Edwards et al. [175] monitored alpha band activity whilst their sample 

of younger adult participants completed balance tasks of varying difficulty. As balance 

conditions became more challenging, the researchers found that alpha power decreased in 

central and parietal brain regions, reflecting the increased cortical excitability during balance 

maintenance [175]. The decreases in alpha power that Edwards et al. [175] found in the 

central and parietal brain regions during difficult balance tasks suggests that these regions 

were allocated increased attentional resources required for postural control, further 

supporting the role of alpha band activity in the attentional modulation of multisensory 

integration and simultaneous balance maintenance [175,178]. 

Paradigms have also been designed to measure differences in oscillatory alpha 

activity between younger adults, non-falling older adults, and older adults with a history of 

falls. Scurry et al. [179] implemented the sound-induced flash illusion with each of these 

groups; they measured oscillatory gamma activity (30–80 Hz) as an indicator of sensory 

processing and studied how this sensory processing is modulated by alpha activity, assessing 

the subsequent effect on susceptibility to the illusion. The researchers found that fall-prone 

older adults displayed a greater illusion strength than non-fall older adults and younger adults, 

which was a behavioural indication of increased multisensory integration in individuals who 

were at a greater risk of falls. Crucially, on a neural level, Scurry et al. [179] also found 

reduced phase-amplitude coupling between oscillatory alpha and gamma activity in fall-

prone older adults compared to non-fall older adults and younger adults, which the 

researchers interpreted as a reduced top-down modulation of multisensory processing in fall-

prone older adults. Taken together, it is likely that strong links exist between oscillatory alpha 

power and balance ability/fall risk, potentially due to the relationships both factors have with 

attentional control and multisensory integration. Studying more about these relationships 

and how they change as a function of ageing is key, with the aim of understanding how to 

improve the perception of and safe navigation through the dynamic everyday environment 

for older adults. 

 

2.10. Concluding Remarks and Future Directions 

This narrative review has highlighted current discussions emerging from research 

into the age-related changes in multisensory integration. Considering the fact that functions 
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such as the temporal binding window and attentional control both appear to be susceptible to 

age-related declines, and both appear to have a significant influence on accurate and timely 

audiovisual integration, it is essential that they are not treated as mutually exclusive entities 

in terms of their influence on multisensory perception and how it changes across the lifespan 

[1,96]. 

The objective of this review was to provide a novel perspective on the shared 

mechanisms involved in audiovisual integration for speech processing and fall risk in older 

adults, as well as to investigate the role of oscillatory alpha activity in such mechanisms. The 

evidence reviewed suggests that speech perception becomes more difficult due to age-related 

changes in the modulation of audiovisual integration; weaker attentional control impacts 

older adults’ ability to suppress distractors and process only the most relevant, reliable sensory 

information when disambiguating speech. Likewise, these same attentional deficits that 

potentially exist in older adults appear to impede their balance; age-related changes in the 

ability to efficiently allocate attentional resources may be an underlying cognitive reason behind 

older adults’ increased risk of falls. Taken together, this review has highlighted how the top-

down modulation of multisensory integration required to quickly, accurately, and safely 

interpret our environment may be significantly affected by healthy ageing, focussing on 

oscillatory alpha activity as the main neural correlate in attentional control, inhibition, and 

precise audiovisual integration. To our knowledge, this is the first review in which speech 

perception and fall risk have been considered in conjunction, to discuss the common cognitive 

and perceptual factors responsible for successful performance in each everyday task and how 

these change as a function of healthy ageing. 

Using behavioural tasks such as the stream–bounce illusion or speech-in-noise 

paradigms, together with neuroscientific techniques like EEG, TMS, and fMRI, is a strong 

method for researchers to establish cause and effect associations between brain areas like the 

STS and the key processes required to bind auditory and visual inputs. As opposed to 

focussing on one single brain area in isolation, it is important that research shifts to 

acknowledge the numerous brain regions and frequency bands involved in multisensory 

integration, studying how they work together to perceive audiovisual events. The role of 

oscillatory alpha activity, in particular, appears to be a promising area of research due to its 

implication in the top-down modulation of multisensory processing; measuring neural 

oscillations like this allows for the investigation of how different brain areas coordinate to 

produce quick and accurate percepts of the environment. Analysing oscillatory activity 

across multiple cortical sites will provide crucial insights into how these areas are 
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functionally connected and how this activity differs between younger and older adults. 

Throughout these studies, the individual differences of participants must be considered and 

minimised where possible, including variability in unisensory function, and in lifestyle 

factors like education and socialisation, which contribute to cognitive reserve. This would 

allow for accurate comparisons between age groups regarding how multisensory tasks like 

speech perception and balance maintenance are likely to develop as we age. 

Given our increasingly ageing population, it is clear how important it is to research 

how multisensory integration changes with age and how this affects speech perception and 

incidence of falls, both of which have a significant impact on our quality of life [9,10]. A 

stronger understanding of age-related changes in multisensory integration may potentially 

lead to the development of cognitive treatments and therapies designed to strengthen the 

attentional control of older adults, improving their ability to quickly and accurately integrate 

relevant audiovisual information. 
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3. Age-Related Changes in the Attentional Modulation 

of Temporal Binding 

 

3.1. Linking Statement 

 

Chapter 3 is the first data chapter of this thesis, which investigated how the interaction 

between bottom-up and top-down mechanisms in multisensory integration may change as a 

function of healthy ageing. As discussed throughout Chapter 2, the increased multisensory 

integration experienced by older adults may be attributed to age-related changes in the 

interplay between bottom-up, perceptual processing and top-down cognitive control. 

Specifically, this study measured whether attentional control could modulate the width of the 

temporal binding window to improve temporal precision during audiovisual integration, and 

how this interplay may differ between younger and older adults. Analysing behavioural data 

from 30 younger adults and 30 older adults in the stream-bounce task revealed that older 

adults may have attentional deficits associated with multisensory integration. Older adults 

found it more difficult to suppress task-irrelevant information than younger adults and 

therefore produced a less accurate multisensory performance.  

Author note: This paper was accepted in July 2023 for publication in Attention, Perception & 

Psychophysics. The manuscript was developed in collaboration with Barrie Usherwood, Dr 

Theodoros Bampouras, and Dr Helen Nuttall. The published manuscript is available online: 

Pepper, J. L., Usherwood, B., Bampouras, T. M., & Nuttall, H. E. (2023). Age-related changes 

to the attentional modulation of temporal binding. Attention, Perception, & 
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3.2. Abstract 

During multisensory integration, the time range within which visual and auditory information can be perceived as synchronous 

and bound together is known as the temporal binding window (TBW). With increasing age, the TBW becomes wider, such 

that older adults erroneously, and often dangerously, integrate sensory inputs that are asynchronous. Recent research suggests 

that attentional cues can narrow the width of the TBW in younger adults, sharpening temporal perception and increasing the 

accuracy of integration. However, due to their age-related declines in attentional control, it is not yet known whether older 

adults can deploy attentional resources to narrow the TBW in the same way as younger adults. This study investigated the 

age-related changes to the attentional modulation of the TBW. Thirty younger and 30 older adults completed a cued-spatial-

attention version of the stream-bounce illusion, assessing the extent to which the visual and auditory stimuli were integrated 

when presented at three different stimulus-onset asynchronies, and when attending to a validly cued or invalidly cued location. 

A 2 × 2 × 3 mixed ANOVA revealed that when participants attended to the validly cued location (i.e., when attention was 

present), susceptibility to the stream-bounce illusion decreased. However, crucially, this attentional manipulation significantly 

affected audiovisual integration in younger adults, but not in older adults. These findings suggest that older adults have 

multisensory integration-related attentional deficits. Directions for future research and practical applications surrounding 

treatments to improve the safety of older adults’ perception and navigation through the environment are discussed. 
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3.3. Introduction 

During multisensory processing, a key factor required to 

ascertain whether two sensory inputs are related is their 

temporal proximity (Hillock et al., 2011; Vroomen & Keetels, 

2010). If auditory and visual inputs are presented closely 

together in time, they are more likely to be perceived as 

originating from the same event (Stevenson et al., 2012; 

Meredith & Stein, 1986) and bound together into a single, 

multisensory perceptual entity (Spence & Squire, 2003; 

Zampini et al., 2005). The adjustable time range within which 

visual and auditory stimuli can be perceived as synchronous 

and thus have an increased likelihood of being integrated is 

known as the temporal binding window (TBW; Bedard & 

Barnett-Cowan, 2016; Mégevand et al., 2013; Mozolic et al., 

2012). The TBW allows two congruent sensory inputs to be 

integrated even if there is a degree of temporal discrepancy 

(e.g., due to differences in the speed of light versus sound, or 

differences in sensory propagation time; Mégevand et al., 2013; 

Pöppel et al., 1990; Stevenson et al., 2012). Likewise, bimodal 

sensory information that does not occur within the limits of 

the TBW will not be perceived concurrently, and therefore will 

not be bound together and can correctly remain discrete 

(Stevenson et al., 2012). 

The width of the TBW is believed to widen with 

healthy ageing (Bedard & Barnett-Cowan, 2016; Diederich et 

al., 2008; Poliakoff et al., 2006; Setti et al., 2014). It has been 

well established in psychophysical research that older adults 

integrate more sensory information than younger adults, 

showing faster reaction times and greater accuracy in response 

to multisensory stimuli than unisensory stimuli (Laurienti et 
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al., 2004, 2006; Peiffer et al., 2007). Recent research has 

postulated that this multisensory ‘enhancement’ exhibited by 

older adults may be due to a combination of their wider TBW 

and their attentional deficits. Specifically, age-related deficits 

in allocating the necessary attentional resources required for 

the top-down modulation of sensory processing could mean 

that, for older adults, the boundaries of the TBW are less 

restricted (Setti et al., 2011). As such, due to having a greater 

time range over which integration can occur, older adults then 

demonstrate increased integration across multiple 

modalities (Brooks et al., 2018) compared with the 

integration exhibited by younger adults (Laurienti et al., 2006; 

Peiffer et al., 2007). This increased integration is 

advantageous for older adults when the unisensory inputs are 

congruent and should contextually be bound together 

(Laurienti et al., 2006) yet can cause errors in perceptual 

performance if incongruent information is integrated when it 

should remain discrete (Poliakoff et al., 2006; Setti et al., 

2014). 

In everyday life, incorrectly identifying whether 

stimuli from different modalities should be integrated or 

segregated can lead to inaccurate and dangerous 

perceptions of the immediate environment (Bedard & Barnett-

Cowan, 2016; Wise & Barnett-Cowan, 2018). This is evident 

in the fact that wider TBWs are associated with an increased 

risk of falls in older adults (Mahoney et al., 2014, 2019; 

Peterka, 2002; Setti et al., 2011)—when task-irrelevant 

sensory information is incorporated into the representation of 

the physical world, this could provoke distractibility and lead 

to a fall (Peiffer et al., 2007; Setti et al., 2011). From this safety 

perspective, it is clear how important it is to investigate if and 

how the TBW can be narrowed by attentional control, in order 

to sharpen perception and increase the ability of older adults 

to keep irrelevant information separate from meaningful 

sensory inputs in their dynamic environment. 

Ostensibly, manipulating attentional cues could be 

a promising mechanism to narrow the TBW of older adults 

(Setti et al., 2011). However, the limited evidence 

surrounding how attentional abilities change with healthy 

ageing suggests that older adults find it more difficult than 

younger adults to focus their attention on only task-relevant 

information and inhibit the processing of task-irrelevant 

information (Gazzaley et al., 2005; Healey et al., 2008; Park 

& Reuter-Lorenz, 2009; Zhuravleva et al., 2014)—this has 

been termed the ‘inhibitory deficit hypothesis’ (Alain & 

Woods, 1999; Hasher & Zacks, 1988). 

Donohue et al. (2015) implemented a cued-spatial-

attention version of the stream-bounce illusion with younger 

adults to investigate how attentional mechanisms modulate 

the width of the TBW. In the stream-bounce illusion, the 

visual motion of the circles is always identical and task- 

relevant; however, when a task-irrelevant sound is played at 

the same time as the circles intersect, the auditory and visual 

sensory inputs are bound together (Fig. 1). This results in the 

perception that the circles “bounced off” rather than “passed 

through” each other. Donohue et al.’s findings indicated that 

attending to the validly cued location (i.e., viewing the full 

visual motion of the circles) could narrow the width of the 

TBW in younger adults, producing more accurate judgements 

regarding the temporal alignment of the visual and auditory 

information, and thus whether they should be integrated. 

Despite this, it is not yet known whether older adults 

are able to deploy the necessary attentional resources required 

to narrow their TBW as effectively as younger adults can. The 

present study investigated whether there are age-related 

changes in this attentional modulation of the TBW, 

comparing the judgements and reaction times of younger and 

older adults in a cued-spatial-attention version of the stream- 

bounce task. 

Firstly, it is predicted that due to their wider TBW, 

older adults will be more prone to binding together the visual 

input of the circles intersecting with the auditory input of the 

task-irrelevant tone, even if they do not occur 

synchronously. This will manifest as older adults providing a 

greater proportion of “bounce” responses in the stream-

bounce illusion than younger adults at longer stimulus-onset

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 1 Diagram of the cued-spatial-attention stream-bounce illusion. Image taken from the published manuscript of Donohue et al. (2015). (Colour 

figure online)
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asynchronies (SOAs), confirming previous research (Bedard 

& Barnett-Cowan, 2016). 

Secondly, it is predicted that across age groups, the 

proportion of “bounce” responses will be greater in the 

invalidly cued conditions than in the validly cued conditions. 

Participants are likely to display increased uncertainty if they 

are not attending to the full “X” shaped motion of the visual 

stimuli, the TBW will not be narrowed due to the absence of 

attention, and participants will perceive the visual and 

auditory information as synchronous at longer SOAs 

(Donohue et al., 2015). 

Finally, it is predicted that due to the postulated 

attentional deficits of older adults, they will display less of a 

difference in the proportion of “bounce” responses in the 

validly cued versus invalidly cued conditions, compared with 

the difference produced by younger adults. In other words, the 

attentional manipulation may have less of an effect on 

multisensory integration in older adults than in younger 

adults. These a priori predictions were preregistered prior to 

data collection on www.aspredicted.org, project ID #65513 

(https://aspredicted.org/zx9ev.pdf). 

3.4. Method 

3.4.1. Participants 

This study used a total of 60 participants; 30 younger adults 

(15 males, 15 females) between 18 and 35 years old (M = 

21.37, SD = 1.30) and 30 older adults (11 males, 19 females) 

between 60 and 80 years old (M = 67.91, SD = 4.71). This 

sample size was determined via an a priori power analysis 

using the ANOVA_exact Shiny app (Lakens & Caldwell, 

2019; see preregistration on www.aspredicted.org, project ID 

#65513, https://aspredicted.org/zx9ev.pdf). Based on the 

large effect size (Cohen’s f = 0.4) from similar studies 

(Basharat et al., 2019; Bedard & Barnett-Cowan, 2016; Chen et 

al., 2021; Donohue et al., 2015), an alpha value of p = .05 and 

power of 80%, the minimum sample size required was 30 

participants per group. 

All participants were fluent English speakers. 

Participants were required to have normal or corrected-to-

normal vision, screened for via self-report. Participants were 

ineligible to proceed with the experiment if they had a history 

or current diagnosis of neurological conditions (e.g., epilepsy, 

mild cognitive impairment, dementia, Parkinson’s disease) or 

learning impairments (e.g., dyslexia), or had hearing loss 

resulting in the wearing of hearing aids. 

Participants were recruited via opportunity sampling; 

the majority of younger participants were students at 

Lancaster University and were known to the researcher, whilst 

the majority of older participants were members of the Centre 

for Ageing Research at Lancaster University. All participants 

provided informed consent. 

3.4.2. Pre-screening tools 

Participants were asked to complete two pre-screening 

questionnaires using Qualtrics survey software 

(www.qualtrics. com), to assess their eligibility for the study. 

 

Speech, Spatial and Quality of Hearing Questionnaire (SSQ; 

Gatehouse & Noble, 2004; Appendix A) 

 

Participants rated their hearing ability in different acoustic 

scenarios using a sliding scale from 0 to 10 (0 = not at all; 10 

= perfectly). Whilst, at present, no defined cut-off score on the 

SSQ is available as a parameter to inform decision-making, 

previous studies have indicated that a mean score of 5.5 is 

indicative of moderate hearing loss (Gatehouse & Noble, 

2004). As a result, people whose average score on the SSQ 

was lower than 5.5 were not eligible to participate in the 

experiment. 

 

Informant Questionnaire on Cognitive Decline in the Elderly 

(IQ‑CODE; Jorm, 2004; Appendix B) 

 

Participants used a self-reported version of the IQ-CODE to 

rate how their performance in certain tasks now has changed 

compared with 10 years ago, answering on a 5-point Likert 

scale (1 = much improved; 5 = much worse). An average score 

of approximately 3.3 is the usual cut-off point when 

evaluating cognitive impairment and dementia (Jorm, 2004); 

therefore, people whose average score was higher than 3.3 

were not eligible to participate in the experiment. 

The mean scores produced by younger and older 

adults in each pre-screening questionnaire are displayed in 

Table 1, with individual scores displayed in Figs. 2 and 3. A 

Mann–Whitney U test revealed that there was no significant 

difference between age groups on the SSQ questionnaire 

[U(NYounger = 30, NOlder = 30) = 353.00, p = .15]; however, 

there was a significant difference between age groups on the 

IQ-CODE questionnaire [U(NYounger = 30, NOlder = 30) = 

4.00, p < .001]. 

 

Table 1 Mean scores on the SSQ and IQ-CODE prescreening 

questionnaires, for both younger and older adults (standard deviations 

displayed in parentheses) 
 

Age group SSQ IQ-CODE 

Younger 8.34 (1.10) 1.74 (0.51) 

Older 8.67 (1.13) 3.03 (0.09) 

http://www.aspredicted.org/
https://aspredicted.org/zx9ev.pdf
http://www.aspredicted.org/
https://aspredicted.org/zx9ev.pdf
http://www.qualtrics.com/
http://www.qualtrics.com/


 

Attention, Perception, & Psychophysics 84  

  

 

 

 
Fig. 2 SSQ scores of younger and older adults. Each point represents 

the score of each individual participant 

 

Fig. 3 IQ-CODE scores of younger and older adults. Each point 

represents the score of each individual participant 

 

3.4.3. Experimental design 

This research implemented a 2 (age: younger vs older) × 2 

(cue: valid vs invalid) × 4 (stimulus onset asynchrony [SOA]: 

visual only [VO] vs 0 milliseconds vs 150 milliseconds vs 300 

milliseconds) mixed design, with age as a between-subjects 

factor and cue and SOA as within-subjects factors. 

The experiment consisted of 16 different trial 

conditions (Table 2), randomized across all participants. 

Replicating the paradigm used by Donohue et al. (2015), the 

experimental block contained 72 validly cued trials and 24 

invalidly cued trials, which were equally distributed between 

each side of the screen (left/right) and SOA conditions; this 

means that each participant completed 144 valid trials and 48 

invalid trials for each SOA. 

 

Table 2 Number of trials within each cue and SOA condition. 
 

SOA (ms) Cue  

 Valid  

(Left) N 

Valid 

(Right) N 

Invalid 

(Left) N 

Invalid 

(Right) N 

0 72 72 24 24 

150 72 72 24 24 

300 72 72 24 24 

VO 72 72 24 24 

3.4.4. Stimuli and materials 

Participants were asked to complete the experiment online, in 

a quiet room on a desktop or laptop computer with a standard 

keyboard. All participants were asked to wear 

headphones/earphones. A volume check was conducted at the 

beginning of the experiment; participants were presented with 

a constant tone and asked to adjust the volume of this tone to 

a clear and comfortable level. 

The stimuli used in the task were replicated from 

Donohue et al. (2015). Due to the fact that the experiment was 

completed remotely on participants’ personal computers, we 

were unable to confirm whether the specifications of each 

monitor were identical. However, data recorded in Pavlovia 

confirmed that each participant experienced a refresh rate of 60 

Hz. Each trial started with an attentional cue in the centre of the 

screen—a letter “L” or a letter “R” instructing participants to 

focus on the left or the right side of the screen. In addition to 

this, two pairs of circles were positioned at the top of the 

screen—one pair in the left hemifield and one pair in the right 

hemifield. Each circle was 1.5° in diameter and were 

presented 4° above the attentional cue; inner disks were 4.9° 

and outer disks were 10° left and right of the attentional cue. 

The attentional cue lasted for 1 second, and 650 milliseconds 

after this cue disappeared, the circles in each pair started to 

move towards each other downwards diagonally (i.e., the two 

left circles moving towards each other and the two right 

circles moving towards each other). 

In the trials, one pair of circles moved towards each 

other, intersected, and continued on the same trajectory (fully 

overlapping and moving away from each other). This full 

motion of the circles formed an “X” shape, with the circles 

appearing to “stream” or “pass through” each other. On the 

opposite side of the screen, the other pair of circles stopped 

moving before they intersected, forming half of this “X” 

motion. On 75% of the trials, the full “X”-shaped motion 

appeared on the side of the screen that the cue directed 

participants towards (validly cued trials); on the other 25% of 

trials, the full motion occurred on opposite side of the screen to 

where the cue indicated, and the stopped motion occurred at 

the cued location (invalidly cued trials). 

In addition to these visual stimuli, on 75% of the 

trials, an auditory stimulus was played binaurally (500 Hz, 17 

milliseconds), either at the same time as the circles intersected 

(0-ms delay), 150 ms after the intersection or 300 ms after the 

intersection. The remaining 25% of the trials were visual-only 

(i.e., no sound was played). Participants were told that 

regardless of whether a sound was played, they must make 

their pass/bounce judgements based on the full motion of 
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the circles (the “X” shape), even if the full motion occurred 

at the opposite side of the screen that they were attending 

to. Screen captures of a validly cued, 0ms SOA trial are 

displayed in Fig. 4. Participation lasted approximately 1 hour. 

The experiment was built in PsychoPy2 (Peirce et al., 2019) 

and hosted by Pavlovia (www.pavlovia.org). 

3.4.5. Procedure 

Prior to the experiment, a brief online meeting was organized 

between the participant and the researcher to explain the task 

and answer any questions. Participants were emailed a link to a 

Qualtrics survey, which included the participant information 

sheet, consent form, demographic questions and pre-screening 

questionnaires. If the participant was deemed eligible to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Screen captures of a validly cued trial (valid left), with an SOA of 0 ms (sound synchronous with intersection). Participants 

provided their pass/bounce judgement at the end of the trial. (Colour figure online) 

4. Circles on the left continue, 

moving away from each other; 

end of full “X” motion 

3. Circles on the right stop. Circles 

on the left intersect; 

tone plays 

2. Both pairs of circles move 

towards each other 

1.  Cue: Left 

http://www.pavlovia.org/
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take part in the experiment, Qualtrics redirected participants 

to the experiment in Pavlovia. 

Participants were then presented with instructions 

detailing the attentional cue elements of the task and asking 

them to base their judgements on the full X-shaped motion of 

the stimuli. Participants were asked to press “M” on the 

keyboard if they perceived the circles to “pass through” each 

other or press “Z” if they perceived the circles to “bounce off” 

each other, answering as quickly and as accurately as possible. 

Participants completed a practice block of 10 trials, 

then the test session commenced. After each set of 10 random 

trials, participants had the opportunity to take a break. 

Participants were provided with a full debrief upon 

completion of the experiment, and all participants could enter 

a prize draw to win one of two £50 Amazon vouchers. 

3.4.6. Statistical analyses 

This study required four mixed ANOVAs—one for reaction 

times in visual-only unisensory conditions; one for reaction 

times in audiovisual multisensory (0 ms, 150 ms, 300 ms) 

conditions; one for bounce/pass judgements in visual-only 

unisensory conditions, and one for bounce/pass judgements in 

audiovisual multisensory (0 ms, 150 ms, 300 ms) conditions, 

following the analyses of Donohue et al. (2015). 

 

Reaction times 

 

For the first dependent variable of reaction time (RT), mean 

RTs were calculated for each participant in each Cue × SOA 

condition, representing the time taken, in milliseconds, for 

each participant to press “M” (“Pass Through”) or “Z” 

(“Bounce Off”) on the keyboard at the end of each trial. 

Responses (judgements or RTs) that were outside ±3 

standard deviations were considered to be the result of 

different processes to the ones being examined (e.g., fast 

guesses or lack of attention; Whelan, 2008). Therefore, they 

were removed from subsequent analysis; this exclusion 

method was based on recommendations by Berger and Kiefer 

(2021). The RTs were then pooled and a grand mean was 

calculated and used for further analysis. As RTs are known to 

frequently deviate from normality (Whelan, 2008), the grand 

means were converted into z-scores, following the procedures 

recommended by Caldwell et al. (2019). A 2 (age: younger vs 

older) × 2 (cue: valid vs invalid) mixed ANOVA was then 

conducted on the z-score reaction times produced in the 

unisensory visual-only conditions, and a 2 (age: younger vs 

older) × 2 (cue: valid vs invalid) × 3 (SOA: 0 ms × 150 ms × 

300 ms) mixed ANOVA was conducted on the z-score reaction 

times produced in the audiovisual multisensory conditions. As 

the unstandardized RT data showed a skewed distribution,  

medians and IQRs are also displayed graphically using 

boxplots, as suggested by Whelan (2008). 

 

Bounce/pass judgements 

 

For the second dependent variable of the bounce/pass 

judgements, the percentage of “bounce” responses provided 

in each Cue × SOA condition was calculated for each 

participant. Firstly, to address the violation of ANOVA 

assumptions present with percentage data, the proportion of 

“bounce” responses produced in the unisensory visual-only 

conditions was converted into z-scores. A 2 (age: younger vs 

older) × 2 (cue: valid vs invalid) mixed ANOVA was 

conducted on these standardized data from the unisensory 

condition. In addition, the proportion of “bounce” responses 

produced in the audiovisual conditions (SOAs of 0 ms, 150 

ms, and 300 ms) were pooled and a grand mean was 

calculated and used for further analysis. These grand means 

were converted into z-scores, following the procedures 

recommended by Caldwell et al. (2019). A 2 (age: younger vs 

older) × 2 (cue: valid vs invalid) × 3 (SOA: 0 ms vs 150 ms vs 

300 ms) mixed ANOVA was then conducted on these 

standardized z-score data from the multisensory conditions. 

Post hoc paired-samples t tests were also used to investigate 

significant differences between the 0 ms, 150 ms, 300 ms and 

visual-only SOA conditions. Mauchly’s test of sphericity was 

violated for the main effect of SOA, therefore Greenhouse–

Geisser adjusted p-values were used where appropriate. 

After the 2 × 2 × 3 mixed ANOVA on the audiovisual 

data, to analyze pairwise comparisons in the significant 

interaction of age and cue, responses in each SOA condition 

were collapsed—that is, a grand mean percentage of “bounce” 

responses was calculated by averaging the percentage of 

“bounce” responses in the 0 ms, 150 ms, and 300 ms trials in 

the valid condition and in the invalid condition. This produced 

an overall valid and an overall invalid mean percentage of 

“bounce” responses for each participant. As with the reaction 

time data and full bounce/pass data, these percentages were 

then pooled to allow calculation of the grand mean and 

subsequently converted to standardized z-scores, following 

the procedures recommended by Caldwell et al. (2019). Two 

separate one-way ANOVAs were conducted on this collapsed 

z-score data (“age” as the between-subjects factor, and valid 

or invalid as the within-subjects factor) to investigate 

differences between younger and older adults in the valid 

condition, and differences between younger and older adults 

in the invalid condition (Laerd, 2015). The datafile was then 

split by age, and a repeated-measures ANOVA using cue as the 

independent variable was conducted on this collapsed z-score 

data, to investigate differences between the proportion of 

“bounce” responses in the valid and invalid  condition for 

younger adults, and in the valid and invalid condition for older 

adults (Laerd, 2015). 
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Data are presented as means and standard errors, and 

95% confidence intervals are reported alongside the mean and 

the standard error for the bounce/pass analyses. Where two 

levels of a factor have been compared, the mean difference 

and standard error of this comparison has also been reported. 

An alpha level of .05 was used for all statistical tests. 

Statistical analyses were conducted using IBM SPSS 

Statistics for Windows (Version 25; IBM Corp., Armonk, NY, 

USA). 

3.4.7. Deviations from preregistration 

The analyses described in this manuscript differ from those 

outlined in the preregistration available on aspredicted.com. 

This is due to the implementation of recommendations from 

expert peer reviewers, which improved upon our original 

statistical analysis plan and validity of approach. 

3.5. Results 

3.5.1. Analysis of reaction‑time (RT) data: 

Assessing the effectiveness of the 

attentional manipulation 

RTs in response to all trials (i.e., both “pass through” and 

“bounce” responses) were included in the analyses, as unlike 

other two-alternative forced choice tasks, there was no 

specific “correct” response. The mean RTs in each condition, 

for each age group, are displayed in Figs. 5 and 6. 

It was important to compare RTs for valid trials, 

where the full “X” motion occurred at the cued side of the 

screen, with RTs for invalid trials, where the full “X” motion 

occurred at the opposite, uncued side of the screen, to ensure 

that participants abided by the attentional manipulation; 

validly cued trials should produce faster RTs than invalidly 

cued trials (Donohue et al., 2015). As a result, cue was the 

variable of interest in these RT analyses. 

 

Reaction times: Unisensory conditions 

A 2 (age: younger vs older) × 2 (cue: valid vs invalid) mixed 

ANOVA was conducted on the unisensory visual-only 

control conditions; there was a significant main effect of cue 

on the speed of key-press responses, F(1, 58) = 17.24, p < 

.001, ηp
2 = 0.23. Overall, participants were 100.14 ms 

faster at responding to validly cued trials compared with 

invalidly cued trials. In real-world contexts, simply attending 

to a specific location or modality speeds up reaction times, 

which is highly important for the safe and accurate 

 

 

Fig. 5 Participant reaction times (RTs), in milliseconds, in each SOA and 

cue condition. Black bars represent the RTs of younger adults; grey bars 

represent the RTs of older adults. Each bar displays the median, the lower 

quartile and the upper quartile for each condition (outliers plotted 

separately). Numbers at the top of each panel indicate mean RTs—

younger adult RTs are presented in the upper row in black, and older adult 

RTs are presented in the lower row in grey 

 

 

 

Fig. 6 Participant reaction times (RTs), in milliseconds, in each SOA 

and cue condition. Black squares represent the RTs of younger adults; 

grey circles represent the RTs of older adults. Participants’ RTs across 

conditions are linked using lines. Numbers at the top of each panel 

display mean RTs in each condition 

 

perception of our environment (Mozolic et al., 2008). 

There was also a significant main effect of age on the speed 

of key-press responses, F(1, 58) = 10.98, p = .002, ηp
2 = 

0.16—younger adults were 250.80 ms faster at responding 

than older adults. There was no significant interaction 

between age and cue, F(1, 58) = 0.34, p = .561, ηp
2 = 0.006. 
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Reaction times: Multisensory conditions 

A 2 (age: younger vs older) × 2 (cue: valid vs invalid) × 3 

(SOA: 0 ms vs 150 ms vs 300 ms) mixed ANOVA was then 

conducted on the RTs produced in the multisensory 

audiovisual conditions. These analyses indicated there was a 

significant main effect of cue on the speed of key-press 

responses, F(1, 58) = 25.44, p < .001, ηp
2 = 0.31—overall, 

participants were 115.53 ms faster at responding to the validly 

cued trials (M = 588.21 ms, SE = 36.76) compared with the 

invalidly cued trials (M = 703.74 ms, SE = 43.20), as 

displayed in Figs. 5 and 6. This suggests that the participants 

did attend to the validly cued side of the screen when directed, 

indicating that the attentional manipulation was effective. 

Using the same behavioural task, Donohue et al. (2015) found 

that their participants—a younger adult sample only—were 

76 ms faster in the validly cued condition compared with the 

invalidly cued condition. As a result, the reaction time 

difference produced between cue conditions in the current 

experiment is meaningful and expected, yet larger than that 

produced in Donohue et al. (2015) due to the slower reaction 

times of older adults increasing the overall mean. 

There was also a significant main effect of age on 

RTs, F(1, 58) = 11.98, p = .001, ηp
2 = 0.17—overall, younger 

adults (M = 512.90 ms, SE = 54.35) responded 226.07 ms 

faster than older adults (M = 778.97 ms, SE = 54.35), as 

displayed in Figs. 5 and 6. In a spatial attention task using 

younger and older adults, Madden (1990) found that younger 

adults were 184 ms faster than older adults, therefore it is fair 

to suggest that the reaction time difference generated by each 

age group in the current study is in line with previous 

literature. Whilst it was predicted that older adults would 

produce a slower response than younger adults, this result is 

indeed relevant to everyday life in that older adults could be 

slower at processing and responding to hazards in their 

dynamic environment. The resulting dangerous and 

inaccurate perception and action of older adults due to their 

slower reaction times may be associated with their increased 

risk of falls (Lajoie & Gallagher, 2004). 

There was no significant main effect of SOA on RTs, 

F(2, 116) = 2.11, p = .126. There were no significant 

interactions between SOA and age, F(2, 116) = 1.98, p = .143, 

between SOA and cue, F(2, 116) = 0.710, p = .494, or 

between age and cue, F(1, 58) = 0.102, p = .750. Finally, the 

three-way interaction between cue, SOA and age was not 

significant, F(2, 116) = 0.249, p = .780. 

3.5.2. Analysis of bounce/pass judgements: 

Assessing the magnitude of multisensory 

integration 

The purpose of analyzing the proportion of “bounce” 

responses in each condition was to assess the magnitude of 

multisensory integration across the different SOAs and across 

attentional cues. “Bounce” was the response of interest as it 

was indicative of the participant integrating the visual (circles 

intersecting) and auditory (tone playing) information in the 

trial. The percentage of “bounce” responses produced in each 

Cue × SOA condition was calculated for each participant. The 

mean proportion of “bounce” responses within each condition, 

for each age group, are displayed in Fig. 7. 

To illustrate the difference between the proportion of 

“bounce” responses in each of the audiovisual conditions 

compared with the visual-only control conditions, scatterplots 

were created with a horizontal reference line set at the mean 

proportion of “bounce” responses in the valid visual-only 

conditions (Fig. 8) and invalid visual-only conditions (Fig. 9), 

respectively. 

Bounce/pass judgements: Unisensory conditions 

It was first important to analyze the data from the 2 (age: 

younger vs older) × 2 (cue: valid vs invalid) mixed ANOVA 

that was conducted on the standardized “bounce” responses 

produced from the unisensory visual-only control conditions. 

In the visual-only ANOVA, there was no significant main 

effect of cue on the proportion of “bounce” responses, F(1, 58) 

= 0.00, p = 1.000, ηp
2 = 0.00, no significant main effect of age 

on the proportion of “bounce” responses, F(1, 58) = 2.31, p = 

.134, ηp
2 = 0.038, and no significant interaction between age 

and cue, F(1, 58) = 2.02, p = .161, ηp
2= 0.034. 

 

 

Fig. 7 Mean proportion of “bounce” responses in each Cue × SOA 

condition for each participant. Black squares represent data of younger 

adults; grey circles represent the data of older adults. Participants’ 

“bounce” responses are linked across conditions using lines. Numbers at 

the top of each panel display the mean proportion of “bounce” responses 

in each condition 
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Fig. 8 Mean proportion of “bounce” responses produced by each 

participant in each of the validly cued audiovisual conditions. Solid 

black horizontal reference line at 33.27% represents the mean 

proportion of “bounce” responses produced in the validly cued 

visual-only conditions. Black squares represent the data of younger 

adults; grey circles represent the data of older adults. Participant 

“bounce” responses are linked across conditions using lines. 

Numbers at the top of the figure display mean proportions of 

“bounce” responses in each condition—the means of younger adults 

are presented in the upper row in black; the means of older adults are 

presented in the lower row in grey 

 

 

 

 

Fig. 9 Mean proportion of “bounce” responses produced by each 

participant in each of the invalidly cued audiovisual conditions. Solid 

black horizontal reference line at 55.55% represents the mean 

proportion of “bounce” responses produced in the invalidly cued 

visual-only conditions. Black squares represent the data of younger 

adults; grey circles represent the data of older adults. Participant 

“bounce” responses are linked across conditions using lines. 

Numbers at the top of the figure display mean proportions of 

“bounce” responses in each condition—the means of younger adults 

are presented in the upper row in black; the means of older adults are 

presented in the lower row in grey 

Bounce/pass judgements: Multisensory 

conditions 

For the participants’ bounce/pass judgements in the 

audiovisual conditions, a 2 (age: younger vs older) × 2 

(cue: valid vs invalid) × 3 (SOA: 0 ms vs 150 ms vs 300 

ms) mixed ANOVA was conducted. 

To first assess whether there were differences in 

integration generally across age groups, the age variable 

in the 2 × 2 × 3 mixed ANOVA was examined. It was 

found that there was a significant main effect of age on 

the proportion of “bounce” responses, F(1, 58) = 5.29, 

p = .025, ηp
2 = 0.084. Overall, the proportion of 

“bounce” responses provided by older adults (M = 

54.13%, SE = 2.23, 95% CI [49.66, 58.59]) was greater 

than the proportion of “bounce” responses provided by 

younger adults (M = 46.87%, SE = 2.23, 95% CI [42.41, 

51.34]; mean difference = 7.26%, SE= 3.16), as displayed 

in Figs. 7 and 10. This suggests that older adults exhibited 

increased integration of the visual and auditory 

information compared with younger adults, which is an 

important finding as inefficient multisensory processing 

may be associated with increased risk of falls in older 

adults (Horak et al., 1989; Peiffer et al., 2007; Setti et al, 

2011). 

To investigate the effects of the attentional 

manipulation, it was important to assess the differences in 

validly cued vs invalidly cued conditions. The mixed 

ANOVA revealed a significant main effect of cue 

condition on the proportion of “bounce” responses, F(1, 

58) = 43.40, p < .001, ηp
2 = 0.43. 

 

 

 
Fig. 10 Mean proportion of “bounce” responses produced by each 

younger and older adult in validly cued and invalidly cued 

conditions. Black squares represent “bounce” judgements in valid 

conditions; grey circles represent “bounce” judgements in invalid 

conditions. Numbers at the top of the figure display mean 

proportions of “bounce” responses in each condition—the means 

produced in the valid condition are presented in the upper row in 

black; the means produced in the invalid condition are presented in 

the lower row in grey 

 

 

 

 



Attention, Perception, & Psychophysics 

 

90  

  

p 

As displayed in Figs. 7 and 10, participants provided more 

“bounce” responses in the invalidly cued trials (M = 62.30%, 

SE = 2.45, 95% CI [57.39, 67.21]) compared with the 

validly cued trials (M = 38.70%, SE = 2.32, 95% CI [34.05, 

43.34]; mean difference = 23.60%, SE = 3.58), in line with 

our hypothesis that the visual and auditory information is 

more likely to be perceived as synchronous and integrated 

in the invalidly cued condition (Donohue et al., 2015). 

Mauchly’s test of sphericity indicated that the 

assumption of sphericity was violated for the SOA factor, 

χ2(2) = 36.72, p < .001. Greenhouse–Geisser adjusted p-

values indicated that there was a significant main effect of 

SOA on “bounce” responses, F(1.36, 78.65) = 10.82, p < 

.001, η 2 = 0.16. Posthoc paired-samples t tests revealed 

that 0-ms trials produced a significantly greater proportion 

of “bounce” responses than did 150-ms trials, t(59) = 

3.01, p = .004; mean difference = 2.16%, SE = 0.71; 300-

ms trials, t(59) = 3.58, p = .001; mean difference = 

4.39%, SE = 1.22; and visual-only trials, t(59) = 4.07, p < 

.001; mean difference = 8.27%, SE = 2.05. In addition, 

150-ms trials produced a significantly greater proportion 

of “bounce” responses than 300-ms trials, t(59) = 2.77, 

p = .008; mean difference = 2.23%, SE = 0.82, and 

visual-only trials, t(59) = 3.35, p = .001; mean difference 

= 6.12%, SE = 1.84. Finally, 300-ms trials produced a 

greater proportion of “bounce” responses than visual-only 

trials, t(59) = 2.59, p = .012; mean difference = 3.89%, 

SE = 1.51. This is in line with previous research 

(Watanabe & Shimojo, 2001) suggesting that the 

temporal proximity of the visual and auditory information 

in the stream-bounce illusion influences whether they are 

integrated, with shorter SOAs producing more “bounce” 

responses. The descriptive statistics of these SOA 

comparisons are displayed in Table 3.  

The interaction between age and cue was 

significant, F(1, 58) = 38.03, p < .001, ηp
2 = 0.40. This 

contrasts with the pattern of results found for the visual-

only ANOVA, in which this significant interaction was 

not present. Our findings indicate that age and attention 

influence the multisensory integration of the auditory and 

visual information in this task. In line with our hypothesis, 

there were age-related differences in how the attentional 

manipulation affected multisensory integration and thus 

the proportion of “bounce” responses. As a result, it was 

necessary to analyze the pairwise comparisons of this 

interaction to investigate where these differences exist. 

 

Table 3 Means and standard errors of the proportion of “bounce” 

responses provided at each level of the SOA condition (0 ms, 150 ms, 

300 ms, visual-only) 
 

 SOA Visual-only 

0 150 300  

M, % 52.68 50.52 48.29 44.41 

SE 1.85 1.65 1.66 1.85 

95% CI [49.14, 
56.22] 

[47.32,  
53.73] 

[45.03,  
51.56] 

[40.81,  
48.00] 

 

Bounce/pass judgements: Pairwise comparisons 

To analyze pairwise comparisons within the age and cue 

interaction, the “bounce” responses in each audiovisual 

SOA condition were collapsed, so that a mean percentage 

of “bounce” responses provided by each participant could 

be calculated for validly cued and invalidly cued 

conditions. These percentages were then converted to 

standardized z-scores (see Statistical Analyses section). 

 

Age pairwise comparisons To assess differences 

between the proportion of “bounce” responses provided 

by younger adults and older adults in valid trials, and the 

differences between younger and older adults in invalid 

trials, two separate one-way ANOVAs were conducted 

(see Statistical Analyses section). 

The first one-way ANOVA analyzed responses 

in the valid condition, and revealed that there were 

significant differences in the proportion of “bounce” 

responses between age groups, F(1, 58) = 40.03, p < .001. 

In the valid condition, a significantly greater proportion of 

“bounce” responses were produced by older adults (M = 

53.37%, SE = 2.61, 95% CI [48.04, 58.70]) than younger 

adults (M = 24.02%, SE = 3.84, 95% CI [16.17, 31.87]). 

In addition, the second one-way ANOVA 

analyzed responses in the invalid condition, and also 

indicated a significant difference between age groups, 

F(1, 58) = 9.15, p = .004. In the invalid condition, a 

significantly greater proportion of “bounce” responses 

were produced by younger adults (M = 69.72%%, SE = 

3.97, 95% CI [61.61, 77.84]) than by older adults (M = 

54.88%, SE = 2.89, 95% CI [48.97, 60.79]). These 

differences are displayed graphically in Fig. 10. 

 

Cue pairwise comparisons To assess differences in the 

proportion of “bounce” responses provided by younger 

adults in valid versus invalid trials, and by older adults in 

valid versus invalid trials, a repeated-measures ANOVA 

was conducted on the collapsed z-score data. 

When examining the data of younger adults, the 

ANOVA revealed that there was a significant difference 

in the proportion of “bounce” responses in validly cued 

and invalidly cued trials, F(1, 29) = 47.76, p < .001, ηp
2 = 

0.62. Overall, younger adults produced a significantly 

greater proportion of “bounce” responses in invalidly cued 

trials (M = 69.72%, SE = 3.97, 95% CI [61.61, 77.84]) 

compared with validly cued trials (M = 24.02%, SE = 

3.84, 95% CI [16.17, 31.87]; mean difference = 45.71%, 

SE = 6.61).However, when examining the data of older 

adults, it was revealed that there was no significant 

difference in the proportion of “bounce” responses in the 

validly cued and invalidly cued trials, F(1, 29) = 0.30, p = 

.589, ηp
2 = 0.01. Overall, older adults produced a similar 

proportion of “bounce” responses in the valid trials (M = 

53.37%, SE = 2.61, 95% CI [48.04, 58.71]) as in the 

invalid trials (M = 54.88%, SE = 2.89, 95% CI [48.98, 
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60.79]; mean difference = 1.51%, SE = 2.76). Taken 

together, this suggests that, in line with our hypothesis, the 

multisensory integration of older adults was less affected 

by the attentional manipulation than younger adults. 

These differences are displayed in Fig. 10. 

There was no significant interaction between cue 

and SOA, F(2, 116) = 0.42, p = .658, ηp
2 = 0.01, or between 

age and SOA, F(2, 116) = 1.21, p = .303, ηp
2 = 0.02. In 

addition, the three-way interaction between age, cue, and 

SOA was not significant, F(2, 116) = 1.06, p = .349, ηp
2 = 

0.018. This means that conclusions cannot be made 

regarding how the width of the TBW, or the attentional 

modulation of the TBW, changes with healthy ageing. 

3.6. Discussion 

The aim of this study was to investigate how the attentional 

modulation of the TBW changes as a function of ageing, 

replicating the paradigm of Donohue et al. (2015) to assess 

whether attentional cues can narrow the TBW in older 

adults in the same way that they were found to in younger 

adults. Upon analysis of the proportion of “bounce” 

responses produced in the unisensory visual-only 

conditions, as expected, there were no significant main 

effects of age or cue, and no significant interaction between 

age and cue. However, after analyzing the proportion of 

“bounce” responses produced in the multisensory 

audiovisual conditions, there were significant main effects 

of age and cue, and a significant interaction between age and 

cue. Arguably the most important finding of this study was 

that the attentional manipulation interacted with age in the 

multisensory conditions: spatial attention did not 

significantly influence the audiovisual integration of older 

adults, yet it did influence the integration of younger 

adults. This strongly suggests that older adults may have 

attentional deficits compared with younger adults, 

specifically associated with multisensory integration. 

The crucial significant interaction between age 

and cue in the multisensory conditions was in line with our 

original hypothesis; younger adults produced a significant 

difference in the proportion of “bounce” responses between 

validly cued and invalidly cued conditions, and older adults 

produced a nonsignificant difference. If this finding 

indicates that older adults do have attentional deficits 

relative to younger adults (Gazzaley, 2013; Healey et al., 

2008; Poliakoff et al., 2006), it suggests that older adults 

displayed increased difficulty in inhibiting task-irrelevant 

information when it co-occurs with task-relevant 

information, even when presented at the attended location 

(Fabiani, 2012). 

It is important to note that much of the literature 

that argues the contrary—that attentional mechanisms 

remain unchanged between younger and older 

adulthood—is based upon selective and spatial attention 

experiments implementing very simple stimuli and tasks, 

such as identifying the colour of a circle, or identifying 

whether a visual flash or an auditory beep was presented 

first (de Dieuleveult et al., 2017; Hugenschmidt et al., 

2009; Peiffer et al., 2007). The cued-spatial-attention 

version of the stream-bounce illusion utilized in the 

current study is comparatively much more difficult than 

this due to the higher cognitive demands and decisional 

elements of the task (Bedard & Barnett-Cowan, 2016); 

not only do participants need to process the attentional cue 

and the fast-moving visual stimuli, but if they integrate 

the auditory stimuli, participants must then also use their 

knowledge regarding how objects make a sound when 

they collide to inform their decision-making (Watanabe & 

Shimojo, 2001). It is therefore likely that the complex 

stimuli and complex task implemented in this experiment 

allowed for the detection of age-related deficits in 

attentional control, whereas previous research that found 

attentional mechanisms to be preserved in older adults 

may have observed somewhat of a ‘ceiling effect’, being 

unable to identify declines in attentional control due to the 

ease and simplicity of the tasks employed (Houx et al., 

2002). Whilst it is a strength of the current study that the 

measures implemented were sensitive enough to uncover 

these important age-related attentional deficits in 

multisensory integration, this highlights how research 

investigating the mechanisms involved in multisensory 

integration, and how these change with age, appears to be 

highly task-dependent and stimuli-specific (Barutchu et 

al., 2019). 

The significant main effect of cue in the 

multisensory conditions indicated that as hypothesized, a 

greater proportion of “bounce” responses was produced in 

invalidly cued conditions than in validly cued conditions. 

Previous literature surrounding attentional cueing (Posner, 

1980; Posner & Driver, 1992) would suggest that one 

reason for this, specifically when analyzing the performance 

of younger adults, is that attending to the validly cued side 

inhibited the processing of task-irrelevant auditory 

information, reducing the likelihood of it being integrated 

with task-relevant visual information (Donohue et al., 

2015; Mozolic et al., 2008; Talsma et al., 2007, 2010). This 

would explain the lower proportion of “bounce” responses 

provided by younger adults in the validly cued trials versus 

invalidly cued trials; their strong attentional control 

allowed them to focus on the “streaming” motion of the 

visual stimuli and decrease the influence of the distracting 

auditory information on the percept (Donohue et al., 2015; 

Kawabe & Miura, 2006). 

A second, related reason for the significant main 

effect of cue could be that when the full “X” motion 

occurred on the unattended side of the screen, 

participants are likely to have missed the start of the 

movement and the crucial intersection (Donohue et al., 

2015). This creates uncertainty about the visual stimuli, 

therefore perhaps participants relied more heavily upon the 

auditory information in the trial to make their pass/bounce 

judgements in these instances. This uncertainty, coupled 

with the knowledge that a sound usually occurs when two 

objects collide in everyday life (Watanabe & Shimojo, 
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2001), may have induced more “bounce” representations at 

the invalidly cued location, as attention was not present to 

enhance the full veridical movement of the visual stimuli 

(Donohue et al., 2015). 

There was also a significant main effect of age, 

with older adults providing a significantly greater 

proportion of “bounce” responses overall compared with 

younger adults. This indicates that, in partial 

correspondence with our hypothesis, older adults 

integrated the visual and auditory information more than 

younger adults did. Previous research would suggest that 

this increased integration is due to the wider TBW of older 

adults providing a greater time span over which integration 

can occur (Brooks et al., 2018; Mozolic et al., 2012; Setti 

et al., 2011). However, we did not find a significant 

interaction between age and SOA, nor a significant 

interaction between age, SOA, and cue. Whilst a limitation 

of the current study is that the exact screen specifications 

of each participant could not be controlled because 

participants completed the experiment remotely, this is 

unlikely to be the sole explanation as to why a significant 

interaction was not found here. 

One potential explanation as to why the SOA 

factor was not involved in any significant interactions 

could be due to the auditory element of the task eliciting 

demand characteristics (Nichols & Maner, 2008). That is, 

the mere presence of the sound in a trial could have induced 

a “bounce” response if participants believed that the 

experiment was simply measuring whether they detected 

the sound and related it to the perception of bouncing 

(McCambridge et al., 2012). If “bounce” responses were 

produced at either location simply due to the presence of 

the sound rather than the relative timing of the sound, 

attention was not specifically serving to “narrow” the 

TBW. 

Importantly, studies that have successfully 

manipulated SOAs to find that older adults have a wider 

TBW (Laurienti et al., 2006; Mahoney et al., 2011; Peiffer 

et al., 2007; Setti et al., 2011) have used static stimuli such 

as flashes and beeps, whereas studies which have used 

dynamic visual stimuli (Roudaia et al., 2013; Stephen et al., 

2010), like that in the stream-bounce illusion, did not detect 

such age-related changes in the width of the TBW. As 

such, the efficacy of systematically manipulating SOAs to 

index the width of the TBW may vary depending on 

whether the multisensory illusion uses static or dynamic 

stimuli (Roudaia et al., 2013). Previous research has 

postulated that dynamic stimuli may require increased 

processing within the visual modality before it is 

integrated with stimuli from other modalities (Stevenson 

& Wallace, 2013), which would result in a wider TBW. 

Perhaps longer SOAs are needed when implementing 

dynamic stimuli compared with static stimuli, to accurately 

index this wider TBW and detect differences between age 

groups. 

In sum, the results of this study provide 

interesting directions for future research. Firstly, given 

that dynamic stimuli are more likely to index visual 

motion perception than static stimuli (Roudaia et al., 

2013), future studies should focus on using moving visual 

stimuli like the stream-bounce illusion does, as this would 

result in more ecologically valid conclusions regarding 

how multisensory integration occurs in dynamic, 

everyday life environments. However, as suggested, 

perhaps longer SOAs should be used if dynamic stimuli 

are implemented, accounting for the increased time taken 

to process the stimuli within the modality before it is 

integrated with stimuli from other modalities (Stevenson 

& Wallace, 2013). This could increase the likelihood of 

detecting age-related changes in the width of the TBW. 

Future, in-person research using neuroscientific 

techniques such as fMRI or TMS would allow for the 

investigation of the neurobiological origins of the bottom-

up and top-down mechanisms involved in multisensory 

integration, and how they are affected by healthy ageing. 

Uncovering age-related changes in the magnitude and/or 

sequence of activation in different brain areas during 

multisensory processing is essential for understanding the 

relative contributions of mechanisms like the TBW and 

attentional control in the creation of an accurate and 

reliable percept of our environment. This knowledge is 

increasingly relevant as it could support the development 

of targeted programmes or therapies to strengthen the 

attentional control of older adults, sharpening their 

perception and reducing the risk of falls in our ageing 

population. 

3.7. Conclusion 

To conclude, older adults in this experiment integrated 

more distracting, task-irrelevant information than 

younger adults. Crucially, however, the attentional 

manipulation within the task influenced audiovisual 

integration in older adults less than it influenced 

integration in younger adults, suggesting that older adults 

may have attentional deficits associated with 

multisensory integration. Manipulation of SOAs and 

assessing subsequent integration remains likely to be an 

effective way to index the width of the TBW; however, 

the stimulus specificity of the paradigms used must be 

considered. Future experiments employing dynamic 

stimuli could uncover more about how age-related 

changes in attentional control impact the temporal 

processing of multisensory stimuli, producing 

conclusions that are high in ecological validity. The 

findings of this would have significant practical 

applications in the development of clinical treatments to 

strengthen the attentional control of older adults, to 

enhance the temporal processing of task-relevant stimuli 

and inhibit the processing of distracting stimuli that 

should not be incorporated into the percept. Improving the 

multisensory perception of older adults in this way could 

greatly improve their ability to safely navigate through 

their environment and reduce their risk of falls. 
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4. Age-Related Changes in Functional Balance Ability 

Predict Alpha Activity During Multisensory 

Integration 

4.1. Linking Statement 

Chapter 4 builds upon the findings of Chapter 3, with the aim of investigating the neural 

correlates of older adults' weaker attentional modulation during multisensory integration. If 

older adults find it more difficult to ignore distracting, task-irrelevant information, this may be 

reflected in differences in alpha synchronisation between younger and older adults 

(Wostmann et al., 2015). Crucially, age-related differences in alpha power may associate with 

an older adults' weaker functional ability and increased fall risk, given the important role of 

attentional control in balance maintenance (Kahya et al., 2019; Zhang et al., 2020). 

Participants completed the stream-bounce task whilst their parieto-occipital alpha activity 

was recorded using EEG, to analyse whether alpha power predicts multisensory performance 

in the task. Participants' balance abilities were also measured, using functional ability and 

sway velocity as a proxy for fall risk in each age group. Taken together, this study explored 

whether age-related changes in audiovisual integration could be predicted by alpha power, 

and how functional ability may associate with attentional control during audiovisual 

integration.  

Author note: The study hypotheses, design and statistical analyses were pre-registered 

online on the Open Science Framework: https://doi.org/10.17605/OSF.IO/J3VPF. This 

manuscript was prepared in collaboration with Dr Bo Yao, Dr Jason Braithwaite, Dr 

Theodoros Bampouras, and Dr Helen Nuttall.  

  

https://doi.org/10.17605/OSF.IO/J3VPF
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4.2. Abstract 

The increased multisensory integration and weaker attentional control experienced by older 

adults during audiovisual processing can result in inaccurate perceptions of their dynamic, 

everyday environment. Crucially, these inaccurate representations of our environment can 

contribute to increased fall risk in older adults. A neural correlate of the attentional difference 

between younger and older adults could be oscillatory alpha activity (8-12Hz), indexing 

inhibitory processes during multisensory integration. The current study investigated whether 

age-related changes in alpha activity underlie weaker attentional control in older adults during 

a multisensory task, and if alpha associates with fall risk.  

Thirty-six younger (18-35 years old) and thirty-six older (60-80 years old) adults 

completed a cued-spatial-attention stream-bounce task, assessing audiovisual integration 

when attending to validly-cued or invalidly-cued locations, at 0ms or 300ms stimulus-onset 

asynchronies. Oscillatory alpha activity was recorded throughout using EEG to index 

participants’ inhibitory abilities. Functional ability and balance were measured to index fall 

risk.  

Multiple linear regression models revealed that even when attending to the validly-

cued location, less accurate multisensory integration was exhibited by older adults compared 

to younger adults; this suggests that older adults demonstrate weaker top-down modulation 

of multisensory integration through failing to inhibit task-irrelevant information. However, 

alpha power across the trials did not predict the extent of multisensory integration within the 

task. Crucially, a significant interaction between age and functional ability scores predicted 

alpha power, suggesting that older adults may rely on attentional mechanisms for functional 
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ability more than younger adults do. Potential implications and applications of this in the 

design of clinical treatments to reduce fall risk are discussed.  

Abstract word count:  258 

Key words: ageing, alpha, attention, balance, falls, multisensory 
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4.3. Introduction 

By 2050, it is expected that over 20% of the UK population will be 60 years old or above, with 

approximately 30% of community-dwelling adults over 65 suffering from falls (Zhang et al., 

2020; Office for Health Improvement & Disparities, 2022). Falls have serious consequences on 

both an individual level and a systemic level – not only are they the most common cause of 

death for adults over 65, but also it is estimated that injuries associated with falls cost the 

National Health Service over £4.4 billion per year (Office for Health Improvement & 

Disparities, 2022). It is therefore highly important to understand the multifaceted causes of 

falls, including the age-related changes in perceptual and cognitive processes that may 

contribute to weaker functional ability and increased fall risk.  

One potential reason behind increased fall risk in older adults are the age-related 

changes in multisensory integration. Multisensory integration describes the perceptual and 

cognitive mechanisms involved in binding sensory information together, to form a unitary 

percept of a person's body and environment (Stevenson et al., 2012; Talsma et al., 2010; Stein 

& Wallace, 1996; Diederich & Colonius, 2004). Research suggests that older adults display 

increased multisensory integration relative to younger adults (Pepper et al., 2023; Pepper & 

Nuttall, 2023; Laurienti et al., 2006; Peiffer et al., 2007; Mahoney et al., 2011). This increased 

integration has a positive outcome when the sensory information is congruent and should be 

integrated. For example, effectively utilising visual and auditory cues improves driving 

performance (Ramkhalawansingh et al., 2016) and speech perception abilities (see Jones & 

Noppeney, 2021, for a review). On the other hand, when task-irrelevant or incongruent 

information is erroneously integrated, this can have a negative outcome, producing 

representations of the environment that are confusing, noisy, and unstable (de Dieuleveult et 
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al., 2017; Bedard & Barnett-Cowan, 2016). As such, the term "increased integration" refers to 

the erroneous binding of visual and auditory inputs that do not occur at the same time, or 

that is irrelevant to the task at hand. 

Age-related changes in attentional control during audiovisual perception may be an 

underlying mechanism behind the increased multisensory integration experienced by older 

adults. Attentional mechanisms facilitate the processing of reliable, task-relevant sensory 

inputs and inhibit/filter the processing of task-irrelevant stimuli (Pepper et al., 2023; Pepper 

& Nuttall, 2023; Mozolic et al., 2008; Posner & Driver, 1992; Talsma et al., 2007). Older adults 

find it more difficult than younger adults to initiate top-down processes against irrelevant 

information and hence inhibit task-irrelevant information (Zhuravleva et al., 2014; Gazzaley et 

al., 2005), such as ignoring background noise when trying to focus on target speech; this has 

been termed the 'inhibitory deficit hypothesis' (Hasher & Zacks, 1988; Alain & Woods, 1999). 

Indeed, after implementing the cued-spatial-attention stream-bounce task, Pepper et al. 

(2023) concluded that older adults found it more difficult than younger adults to segregate 

and inhibit the task-irrelevant auditory information from being integrated with the task-

relevant visual information. Older adults displayed weaker attentional control during 

audiovisual integration, resulting in a less accurate multisensory performance compared to 

younger adults.  

One possible candidate mechanism for the age-related changes in attentional control 

during audiovisual integration may be the deployment of neural alpha oscillations. Despite 

historically being referred to as an "idling" rhythm associated with resting brain areas 

(Pfurtscheller et al., 1996; Lange et al., 2015), oscillatory alpha activity is now considered to 

index top-down attention (Bednar & Lalor, 2018; Wostmann et al., 2017; Sauseng et al., 2005; 
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Capotosto et al., 2012; Thut et al., 2006) and active inhibitory processes during sensory 

processing (Klimesch et al., 2012; Foxe et al., 1998). Crucially, increases in alpha power over 

parieto-occipital areas are associated with inhibition of sensory information, preventing it 

from being integrated into the percept (Keller et al., 2017; Keil & Senkowski, 2017). For 

example, O'Sullivan et al. (2019) found that during audiovisual speech perception, when the 

visual information was incongruent and had to be inhibited, alpha power increased in parieto-

occipital brain regions. Increases in alpha power suppressed the processing of distracting 

sensory inputs, to prevent the integration of incongruent auditory and visual information 

(Kelly et al., 2006; O'Sullivan et al., 2019). At this point, it is important to note that much of 

the research into the functional role of oscillatory alpha activity has been conducted on 

younger adult participant groups; the increased difficulty that older adults have in ignoring 

distracting, irrelevant sensory information (Zhuravleva et al., 2014; Gazzaley et al., 2005) may 

be reflected in reduced alpha power compared to younger adults during a multisensory task 

in which irrelevant sensory information must be inhibited.  

Understanding more about the age-related changes in the attentional modulation of 

multisensory integration is key given our increasingly ageing population. Specifically, 

erroneous multisensory integration is associated with increased risk of falls in older adults 

(Setti et al., 2011; Stapleton et al., 2014; Mahoney et al., 2014; Peterka, 2002), as binding 

together task-irrelevant or incongruent sensory inputs can result in increased distractibility 

and inaccurate processing of relevant endogenous/exogenous stimuli (Poliakoff et al., 2006; 

Setti et al., 2011). An indicator of fall risk is the functional ability level of older adults; 

functional ability is often measured using composite assessments of balance ability, leg 

strength and gait speed. Strong functional ability is crucial for independence with healthy 

ageing, allowing older adults to move around the house, walk across the road, climb the stairs 
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and perform other activities of daily living without being at a significant risk of falls (Dewhurst 

& Bampouras, 2014). Not only is functional ability challenged by age-related musculoskeletal 

declines, but it can also be significantly impacted by the weaker inhibitory control of older 

adults (Kahya et al., 2019). Crucially, due to their weaker attentional filtering, task-irrelevant 

sensory information is incorporated into older adults’ representations of their environment, 

which could provoke distractibility and lead to a fall (Setti et al., 2011). It follows that if older 

adults are at an increased risk of falls compared to younger adults, this may be reflected in 

age-related differences in alpha activity during the attentional modulation of multisensory 

integration, in which distracting sensory information must be suppressed.  

The aims of this study were to 1) investigate the role of parieto-occipital alpha power 

in age-related changes in audiovisual integration, and 2) investigate the association between 

audiovisual integration and functional ability. Younger and older participants completed the 

cued-spatial-attention version of the stream-bounce task as described in Pepper et al. (2023), 

whilst their alpha power was extracted from parieto-occipital regions. Participants' functional 

ability levels were also assessed. We tested the following hypotheses: 

1) older adults will exhibit increased audiovisual integration compared to younger 

adults. 

2) older adults will demonstrate weaker attentional control during audiovisual 

integration compared to younger adults.  

3) older adults will demonstrate smaller increases from baseline in alpha power 

compared to younger adults.  
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4) balance ability will predict increased audiovisual integration and weaker attentional 

control during audiovisual integration 

This experiment was pre-registered prior to data collection on Open Science 

Framework: https://doi.org/10.17605/OSF.IO/J3VPF 
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4.4. Methods 

4.4.1. Participants 

This study included a total of 72 participants; 36 younger adults (20 males, 16 females) 

between 18-35 years old (M = 22.67, SD = 4.09) and 36 older adults (14 males, 22 females) 

between 60-80 years old (M = 66.86, SD = 4.43). This sample size was determined via an a-

priori power analysis using the pwr package in R studio (see pre-registration on Open Science 

Framework: https://doi.org/10.17605/OSF.IO/J3VPF). Specifically, the pwr.f2.test function 

was implemented  as recommended for multiple regression/general linear model analyses 

(Kabacoff, 2015), using the large effect size generated by Pepper et al. (2023) and Kelly et al. 

(2006), a numerator degrees of freedom of 14, an alpha significance level of 0.05 and a power 

of 80%.  

 Participants were eligible for the study if they considered themselves fluent English 

speakers with normal or corrected-to-normal vision, screened for via self-report. Participants 

were ineligible to participate if they had a history or current diagnosis of cognitive 

impairments or neurological conditions (e.g. epilepsy, mild cognitive impairment, dementia, 

Parkinson’s Disease) or learning impairments (e.g. dyslexia). Participants were also ineligible 

to participate if they had moderate-severe hearing loss resulting in the wearing of hearing 

aids; if they suffered from motion sickness; if they were diagnosed with any vestibular 

impairments (e.g. vertigo) or numbness in the lower limbs; if they were diagnosed with any 

muscle or bone conditions which could prevent standing comfortably (including lower limb, 

hip or spine surgery within the last year, or recent injury); if they relied on assistive walking 

devices (e.g. canes or walking frames), or if they were on medication which depresses the 

nervous system or affects balance (Thomas et al., 2016).  

https://doi.org/10.17605/OSF.IO/J3VPF
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Participants were recruited via opportunity sampling; younger participants were 

students at Lancaster University, whilst older participants were recruited through the Centre 

for Ageing Research at Lancaster University; through advertising to local community groups, 

such as University of the Third Age; or through word of mouth. All participants provided 

informed consent. Ethical approval was received from Lancaster University Faculty of Science 

and Technology Ethics Committee (ref: FST-2022-0636-RECR-3).   

 

4.4.2. Pre-screening tools 

Participants were asked to complete two pre-screening questionnaires using Qualtrics online 

platform (Qualtrics XM, Provo, UT), to assess their eligibility for the study prior to coming to 

the lab.  

Speech, Spatial and Quality of Hearing Questionnaire (SSQ; Appendix A; Gatehouse & Noble, 

2004).  

Participants rated their hearing ability in different acoustic scenarios using a sliding scale from 

0-10 (0=“Not at all”, 10=“Perfectly”). Whilst, at present, no defined cut-off score on the SSQ is 

available as a parameter to inform decision-making, previous studies have indicated that a 

mean score of less than 5.5 is indicative of moderate hearing loss (Gatehouse & Noble, 2004). 

As a result, people whose average score on the SSQ was lower than 5.5 were not eligible to 

participate in the experiment. This was to ensure that any changes in audiovisual integration 

measured in the task would not be due to a participant's inability to hear the auditory stimuli. 

Hearing acuity was then evaluated objectively using pure-tone audiometry when participants 

attended the lab. 
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 Informant Questionnaire on Cognitive Decline in the Elderly (IQ-CODE; Appendix B; Jorm, 

2004).  

Participants used a self-report version of the IQ-CODE to rate how their performance in certain 

tasks has changed compared to 10 years ago, answering on a 5-point Likert scale (1=“Much 

Improved”, 5=“Much worse”). An average score of 3.65 is the usual cut-off point when 

evaluating cognitive impairment and dementia (Slade et al., 2023; Jansen et al., 2008), 

therefore people whose average score was higher than 3.65 were not eligible to participate in 

the experiment. This was to ensure that any changes in audiovisual integration measured in 

the task would not be due to the participant experiencing mild cognitive impairment.  

 Pure-Tone Audiometry  

If the online SSQ and IQCODE pre-screening questionnaires deemed the participants eligible 

for the study, they were invited to the lab for the in-person testing session. Pure-tone 

thresholds were measured bilaterally at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz, in 

accordance with the British Society of Audiology (2018) guidelines. Pure tone average 

thresholds were averaged across 0.5-4kHz in each ear, and then averaged across ears. 

Audiometry was used to ensure that any differences in multisensory performance were not 

due to moderate-severe hearing loss. The mean pure-tone audiometry thresholds for each 

age group are displayed in Figure 1.  
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Figure 1. Mean pure-tone audiometry thresholds recorded for each age group at each frequency. Black markers 

represent data of younger adults, grey markers represent the data of older adults. Standard error displayed as 

error bars.  

The mean scores of eligible participants in each pre-screening assessment are summarised 

in Table 1. Independent t-tests revealed there was no significant difference between age 

groups on the SSQ [t(70) = -0.92, p=.154; MYounger = 8.43, MOlder = 8.64]. Older adults scored 

significantly higher score on the IQ-CODE questionnaire compared to younger adults [t(70) = 

-11.50, p<.001; MYounger = 1.96, MOlder = 3.07]. Older adults had significantly higher PTA 

thresholds compared to younger adults [t(70) = -8.16, p<.001, MYounger = 6.27, MOlder = 

18.30]. 
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Table 1 

Mean scores on the Speech, Spatial and Quality of Hearing Questionnaire (SSQ), Informant 

Questionnaire on Cognitive Decline in the Elderly (IQ-CODE) and pure-tone audiometry (PTA) 

pre-screening measures, for both younger and older adults. Data is presented as mean (SD). 

Significance was set at a p<0.05. 

Test Younger Older p-value 

SSQ 8.43 

(0.91) 

8.64 

(1.09) 

p=.154 

IQCODE 1.96 

(0.55) 

3.07 

(0.19) 

p<.001 

PTA 6.27 

(4.56) 

18.30 

(7.59) 

p<.001 

 

4.4.3. Experimental Design 

Questionnaire Measures 

After passing the pre-screening eligibility assessments, all participants completed two self-

report assessments of physical activity, providing detailed information regarding participants' 

own perception of their balance abilities and their fitness levels.  

Activities-Based Balance Confidence Scale (ABC; Appendix C; Powell & Myers, 1995). 

The ABC scale is a 16-item questionnaire used to assess participants’ balance confidence in 
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performing daily activities. Participants were asked to rate how confident they are in 

performing each activity, on a 10-point scale ranging from 0% (not confident at all) to 100% 

(completely confident). An average score of greater than 80% indicates high levels of 

functioning; a score of between 50% and 80% indicates moderate levels of functioning; a score 

of less than 50% indicate low levels of functioning. Crucially, a score of less than 67% is 

indicative of a substantial risk of falling. 

Rapid Assessment of Physical Activity (RAPA; Appendix D; Topolski et al., 2006). RAPA 

is a 9-item questionnaire used to assess the level of physical activity in our participants. 

Participants are asked to answer Yes/No to whether the physical activity level in the scenario 

accurately describes them. The scale is divided into two parts. RAPA1 consists of 7 items and 

measures cardio-respiratory, aerobic activity. The highest affirmative score provided by 

participants is their final recorded score for RAPA1 (scored as 1 = "Sedentary", 2 = 

"underactive", 3 = "underactive regular - light activities", 4 and 5 = "underactive regular", 6 

and 7 = "Active"). RAPA2 consists of 2 items and measures strength and flexibility-based 

physical activity. An affirmative response to the first item results in a score of 1; an affirmative 

response to the second item results in a score of 2; affirmative responses to both items scores 

3; negative responses to both items scores 0. Participants' scores on RAPA1 and RAPA2 were 

added together to provide an overall indication of physical activity levels of the samples. 

Higher total scores represent higher levels of physical activity. 
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Functional Ability – The Short Physical Performance Battery (SPPB; Guralnik et al., 1994, 2000).  

The SPPB is divided into three sections measuring balance, gait speed and leg strength, each 

of which are scored from 0-4 and added together to provide a composite measure of 

functional ability. As a result, the minimum score on the SPPB was 0 points and the maximum 

score was 12 points. Lower scores on the SPPB are indicative of weaker lower-body 

functioning and an increased risk of falls (Guralnik et al., 2000).  

To increase the sensitivity of the data collected in these physical assessments, force 

platforms were implemented during the standing balance stage of the SPPB. Participants were 

asked to stand on force platforms with feet side-by-side, in a semi-tandem position, and in a 

tandem position, for 10 seconds each (if able to). Force platforms (PASCO, Roseville, CA, USA) 

collected centre of pressure movements in the anteroposterior and mediolateral axis, which 

were used to calculate sway area and sway velocity in each of the stance conditions. The force 

platforms were positioned side by side, without touching each other and recorded at a rate of 

100Hz. Participants were asked to keep their hands by their sides throughout each assessment 

and focus on the wall ahead of them. Sway area and sway velocity values from the three 

stances were averaged and used for further analysis. SPPB scores were therefore considered 

to be measures of overall functional ability, whilst the sway measures extracted during the 

SPPB were considered to be measures of balance specifically.  

 

Timed Up and Go Test (TUG; Podsiadlo & Richardson, 1991; Shumway-Cook et al., 2000) 

As an additional dynamic measure of functional ability, participants were also asked to 

complete the Timed Up-And-Go (TUG) test, which is a clinical assessment of fall risk in older 
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adults. Participants are asked to stand from the chair, walk 3 metres at a comfortable pace, 

turn around, walk back to the chair and sit down. The time that participants took to complete 

this assessment was recorded, with longer times (greater than 13.5 seconds for community-

dwelling older adults; Shumway-Cook et al., 2000) indicating increased fall risk. 

 

The Stream-Bounce Task 

This behavioural task implemented a 2 (Age: Younger vs Older) x 2 (Cue: Valid vs Invalid) x 3 

(Stimulus Onset Asynchrony [SOA]: Visual Only [VO] vs 0 milliseconds vs 300 milliseconds) 

mixed design, with Age as a between-subjects factor and Cue and SOA as within-subjects 

factors.  

The stream-bounce stimuli used in the task were replicated from Donohue et al. 

(2015), with experimental details described previously in Pepper et al. (2023). Briefly, at the 

start of each trial, participants focused on a fixation cross for 1 second. Participants were then 

cued either towards the full "X" shaped motion of the stimuli (validly-cued trials) or towards 

the stopped motion of the stimuli (invalidly-cued trials) appearing on the computer screen. 

Two thirds of the trials contained a task-irrelevant sound, played either synchronously with 

the circles intersecting (0ms delay) or 300ms afterwards. The remaining trials were visual-only. 

At the end of each trial, participants were asked whether they perceived the circles to "pass 

through" or "bounce off" each other. 

The experiment consisted of 12 different trial conditions, randomised across all 

participants. The experimental block contained of a set of 60 validly-cued trials and a set of 
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60 invalidly-cued trials (two conditions), which were equally distributed between each side of 

the screen (left/right) and three stimulus onset asynchrony (SOA) conditions (Visual Only [VO], 

0 milliseconds and 300 milliseconds); this means that each participant completed 120 valid 

trials and 120 invalid trials for each SOA. Participants completed the experiment in a quiet 

room on an Apple Mac computer (version 12.2.1) with a standard keyboard. All participants 

wore EEG-compatible earphones (ER2 ultra-shielded insert earphones; Intelligent Hearing 

Systems). A volume check was conducted at the beginning of the experiment; participants 

were presented with a constant tone and the volume of this tone was adjusted to a clear and 

comfortable level. Screen captures of a validly-cued, 0ms SOA trial are displayed in Figure 2. 

The percentage of “Bounce” responses provided in each Cue x SOA condition was calculated 

for each participant. 
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Figure 2. Screen captures of a validly-cued trial (valid left), with an SOA of 0ms (sound synchronous 

with intersection). Participants provided their pass/bounce judgement at the end of the trial. Image 

taken from the published manuscript of Pepper et al. (2023).  

1. Cue: Left 

4. Circles on the left continue, 

moving away from each other; 

end of full “X” motion 

2. Both pairs of circles move 

towards each other 

3. Circles on the right stop. 

Circles on the left intersect; 

tone plays 

♫ 
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4.4.4. EEG Data Acquisition and Pre-Processing 

Continuous EEG data were sampled at 500Hz from a 32-channel EEG amplifier system 

(BrainAmps, BrainProducts GmbH, Germany) with Ag/AgCl electrodes positioned according to 

the international 10-20 system (actiCAP EasyCap, BrainProducts, GmbH, Germany), 

referenced to the central Reference electrode during recording. The data underwent online 

bandpass filtering, applying a low cut-off filter of 0.1Hz, a high-cut-off filter of 40Hz, and a 

notch filter of 50Hz. Psychopy and BrainVision Recorder (version 1.10, Brain Products GmbH, 

Germany) were used in conjunction to record trial-specific information in real time, including 

EEG triggers coded to identify the condition each participant experienced and when the 

participant provided a key press response (Franzen et al., 2020; Klatt et al., 2020). These data 

were collected and stored for offline analysis in EEGLAB.  

Processing and EEG analyses were completed offline using the EEGLAB toolbox 

(Delorme & Makeig, 2004) and MATLAB scripts. The EEG data was first resampled to 256Hz 

and re-referenced to the average of all electrodes. Breaks between experimental blocks were 

removed and an independent component analysis (ICA) was performed on the data. 

Artefactual independent components were detected and rejected using the ICFlag function in 

EEGLAB; components that were identified as being over 80% likely to be heart, muscle or eye 

artefacts were removed from the dataset (Delorme et al., 2007). The pre-processed EEG data 

were then epoched, beginning at the presentation of the fixation cross in the stream-bounce 

task and ending 3 seconds afterwards once the circles had completed their full motion. 
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Alpha power extraction 

Alpha power was extracted from the 8-12Hz frequency band at electrodes positioned over the 

parietal and occipital lobes (P3, P4, P7, P8, O1, O2, Oz). The use of parieto-occipital electrodes 

is in line with previous research investigating posterior alpha activity for audiovisual 

integration (Getzmann et al., 2020; O'Sullivan et al., 2019; van Driel et al., 2017; Thut et al., 

2006; Klatt et al., 2020). Alpha power was determined using the power spectral density (PSD) 

package in EEGLAB. The 'spectopo' function is based upon Welsch's method and uses a 256-

point Hamming window. Within each epoch, for each participant, mean alpha power over 

each electrode was calculated for the 1000ms pre-stimulus interval of each condition type, 

and for the 2000ms stream-bounce trial of each condition type. The alpha power was then 

averaged across all electrodes of interest, to produce a grand mean alpha power value for the 

experimental condition, and a grand mean alpha power for the pre-stimulus baseline 

associated with each condition. Mean baseline alpha power was then subtracted from mean 

experimental alpha power to produce an alpha power value representative of the difference 

in alpha power between ‘rest’ (pre-stimulus interval) and the experimental trial.  

4.4.5. Procedure 

The procedure outlining the entirety of the study is displayed in Figure 3. 
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Figure 3. Flowchart detailing the procedure of the study. 

 

4.4.6. Statistical Analyses 

Two multiple linear regression models were run to examine whether a) age, oscillatory alpha 

power and balance ability and the interactions of each variable with age can predict 

audiovisual integration in the stream-bounce task (Model 1: Proportion of "Bounce" 

responses = Age + Cue + SOA + Alpha power difference + Sway Velocity + SPPB Score + Pure-

tone audiometry + Age*Cue + Age*Alpha + Age*Velocity + Age*SPPB Score), and b) age, 

audiovisual integration and balance ability and the interactions of each variable with age can 

predict oscillatory alpha power (Model 2: Alpha power difference = Age + Cue + SOA + 

Proportion of "Bounce" responses + Sway Velocity + SPPB Score + Pure-tone audiometry + 

Age*Cue + Age*Bounce + Age*Velocity + Age*SPPB Score). Prior to the examination of the 

models, the variables were assessed for violation of the related assumptions; the assessment 

confirmed that all relevant assumptions were met. To correct for multiple models, all 

regression analyses were conducted using an alpha value of p=.025 and the adjusted values 

are reported. To address the violation of ANOVA assumptions present with the "Bounce" 
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percentage data (i.e. bound data), these grand means were converted into z-scores, following 

the procedures recommended by Caldwell et al. (2019).   Data were analysed and visualised 

in R Studio (version 4.2.1) using the 'stats' (R Core Team, 2022), 'car' (Fox & Weisberg, 2019), 

'performance' (Ludecke et al., 2021), 'emmeans' (Lenth, 2023) and 'ggplot2' (Wickham, 2016) 

packages. Post-hoc ANOVAs and correlational analyses were used to analyse the differences 

and relationships between conditions and age groups. Pure-tone audiometry thresholds were 

included within each model to control for any age-related differences in hearing ability. 

 

4.4.7. Deviations from pre-registration 

In the pre-registration for this study, it was proposed to include the TUG test times in both 

models as a measure of functional ability. However, as is indicated by the very high ABC and 

RAPA scores (see Table 4 in Results), the older adult sample in this study were very physically 

able. As a result, the TUG test is not likely to be sensitive enough to detect fall risk in these 

active older adults (Barry et al., 2014), while not allowing separation of the different elements 

that contribute to its performance. Given that the SPPB can also be used as a measure of 

functional ability, while the distinct and distinguishable measures it comprises of allows direct 

assessment of balance, it was deemed unnecessary to include both the SPPB and the TUG in 

the model. As such, and after finding moderate collinearity between Sway Area and Sway 

Velocity during model checks, Sway Area and Timed Up-And-Go times were omitted as model 

predictors.  
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4.5. Results 

4.5.1. H1: Older adults will exhibit increased audiovisual integration compared to younger 

adults 

The mean proportion of “Bounce” responses within each condition, for each age group, are 

displayed in Figure 4.  

 

 

Figure 4. Mean proportion of “Bounce” responses in each Cue and SOA condition for each participant. Bottom 

panels represent data of younger adults, top panels represent the data of older adults. Participants’ “Bounce” 

responses are linked across conditions using lines. Numbers at the top of each panel display the mean 

proportion of “Bounce” responses in each condition. 

 

For Model 1, the outcome was the proportion of "Bounce" responses produced in the stream-

bounce task. The model was significant overall [F(12,413) = 36.47, p<.001, adjusted R2 = 0.50]. 
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The output from the ANOVA performed on the multiple regression model is displayed in Table 

2.  

 

Table 2 

Multiple linear regression output detailing the statistical contribution of each prediction and 

interaction to the outcome of the proportion of "Bounce" responses.  

 

Full Model: Bounce = Age + Cue + SOA + Alpha + Velocity + SPPB Score + PTA + 

Age*Cue + Age*Alpha + Age*Velocity + Age*SPPB Score 

 

Predictors Df Sum of 

squares 

Mean 

square 

F value p Adjusted 

p-value 

Age Group 1 16.64 16.64 33.33 <.001 <.001 

Cue 1 167.26 167.26 335.01 <.001 <.001 

SOA 2 12.31 6.16 12.33 <.001 <.001 

Alpha 1 0.06 0.06 0.11 0.741 1.00 

Sway Velocity 1 1.97 1.97 3.95 0.048 0.095 

SPPB Score 1 2.48 2.48 4.96 0.026 0.053 

PTA 1 0.15 0.15 0.29 0.589 1.00 

Age*Cue 1 15.79 15.79 31.63 <.001 <.001 

Age*Alpha 1 0.02 0.02 0.05 0.830 1.00 

Age*Velocity 1 1.29 1.29 2.59 0.108 0.217 

Age*SPPB Score 1 0.55 0.55 1.09 0.296 0.592 

Residuals 413 206.20 0.50    

Notes: Df = degrees of freedom; SOA = Stimulus-Onset Asynchrony; SPPB = Short 

Physical Performance Battery; PTA = pure-tone audiometry  

 

 

With regards to the individual predictors in the model, there was a significant main 

effect of Age on the proportion of "bounce" responses [F(1, 413) = 33.33, p<.001]. Overall, a 

significantly greater proportion of "bounce" responses were produced by older adults (M = 

55.25%, SE = 2.21, 95% CI [50.85, 59.65]) than by younger adults (M = 41.35%, SE = 2.21, 95% 
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CI [36.95, 45.75]; mean difference = 13.90%, SE = 3.12, 95% CI [7.68, 20.12]), providing support 

for hypothesis one which predicted that older adults will exhibit increased audiovisual 

integration compared to younger adults.  

 

4.5.2. H2: Older adults will demonstrate weaker attentional control during audiovisual 

integration compared to younger adults.  

The interaction between Age and Cue was a significant predictor of "Bounce" responses [F(1, 

413) = 31.63, p<.001]. To analyse pairwise comparisons within the Age and Cue interaction, 

the “bounce” responses in each SOA condition were collapsed, so that a mean percentage of 

“bounce” responses provided by each participant could be calculated for validly cued and 

invalidly cued conditions. These percentages were then converted to standardized z-scores.  

Age pairwise comparisons. To assess differences between the proportion of “bounce” 

responses provided by younger adults and older adults in valid trials, and the differences 

between younger and older adults in invalid trials, two separate one-way ANOVAs were 

conducted. The first one-way ANOVA analysed responses in the valid condition, and revealed 

that there were significant differences in the proportion of “bounce” responses between age 

groups, [F(1, 70) = 27.61, p < .001]. In the valid condition, a significantly greater proportion of 

“bounce” responses were produced by older adults (M = 40.56%, SE = 4.39, 95% CI [31.64, 

49.47]) than younger adults (M = 13.83%, SE = 2.57, 95% CI [8.61, 19.04]). This provides 

support for hypothesis two, suggesting that even in the validly-cued conditions, older adults 

still integrated the visual and auditory information more frequently than younger adults, 

displaying weaker attentional filtering.  
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The second one-way ANOVA analysed responses in the invalid condition, and in 

contrast, indicated no significant difference between age groups, [F(1, 70) = 0.04, p = .839]. In 

the invalid condition, a similar proportion of “bounce” responses were produced by younger 

adults (M = 68.87%, SE = 3.62, 95% CI [61.52, 76.23]) and by older adults (M = 69.94%, SE = 

3.78, 95% CI [62.27, 77.61]). 

Cue pairwise comparisons. To assess differences in the proportion of “bounce” 

responses provided by younger adults in valid versus invalid trials, and by older adults in valid 

versus invalid trials, a repeated-measures ANOVA was conducted on the collapsed z-score 

data. When examining the data of younger adults, there was a significant difference in the 

proportion of “bounce” responses in validly cued and invalidly cued trials, [F(1, 35) = 155.44, 

p < .001, ηp
2 = 0.82]. Overall, younger adults produced a significantly greater proportion of 

“bounce” responses in invalidly cued trials (M = 68.87%, SE = 3.62, 95% CI [61,52, 76.23]) 

compared with validly cued trials (M = 13.83%, SE = 2.57, 95% CI [8.61, 19.04]; mean 

difference = 55.05%, SE = 4.42). When examining the data of older adults, there was also a 

significant difference in the proportion of “bounce” responses in the validly cued and invalidly 

cued trials, [F(1, 35) = 17.93, p < .001, ηp
2 = 0.34]. Overall, older adults produced a greater 

proportion of “bounce” responses in the invalid trials (M = 69.94%, SE = 3.78, 95% CI [62.27, 

77.61]) compared to valid trials (M = 40.56%, SE = 4.39, 95% CI [31.64, 49.47]; mean difference 

= 29.39%, SE = 6.94).  
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4.5.3. H3: Older adults will show smaller increases from baseline in alpha power compared 

to younger adults. 

For Model 2, the outcome was the difference in alpha power from baseline in the 

experimental trials of the stream-bounce task. The model was significant overall [F(12,413) = 

2.03, p=.021, adjusted R2 = 0.03]. There were no significant main effects in the model, and the 

interactions between age and cue, age and "bounce" responses and age and velocity were not 

significant. As a result, the data did not support hypothesis three that alpha power would 

reflect age-related changes in attentional control during multisensory integration. However, 

there was a significant interaction between age and SPPB scores on alpha power [F(1, 413) = 

17.29, p<.001]. The output of the ANOVA conducted on the multiple regression model is 

displayed in Table 3.  

 

Table 3 

Multiple linear regression output detailing the statistical contribution of each prediction and 

interaction to the outcome of alpha power. 

  

Full Model: Alpha ~ Age + Cue + SOA + Bounce + Velocity + SPPB Score + Age*Cue + 

Age*Bounce + Age*Velocity + Age*SPPB Score 

 

Predictors Df Sum of 

squares 

Mean 

square 

F value p Adjusted 

p-value 

Age Group 1 4.26 4.26 1.89 0.170 0.340 

Cue 1 0.53 0.53 0.24 0.628 1.00 

SOA 2 0.38 0.19 0.08 0.920 1.00 

Bounce 1 0.23 0.23 0.10 0.747 1.00 

Sway Velocity 1 0.37 0.37 0.16 0.686 1.00 

SPPB Score 1 1.76 1.76 0.78 0.377 0.755 

PTA 1 0.01 0.01 0.01 0.936 1.00 
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Age*Cue 1 0.05 0.05 0.02 0.882 1.00 

Age*Bounce 1 0.70 0.70 0.31 0.578 1.00 

Age*Velocity 1 7.51 7.51 3.33 0.069 0.756 

Age*SPPB Score 1 39.00 39.00 17.29 <.001 <.001 

Residuals 413 931.25 2.26    

Notes: Df = degrees of freedom; SOA = Stimulus-Onset Asynchrony; SPPB = Short 

Physical Performance Battery score; PTA = pure-tone audiometry threshold  

 

 

4.5.4. H4: Balance will predict audiovisual integration and attentional control  

After correcting p-values for multiple comparisons, there was no significant main effect of 

SPPB score on the proportion of "Bounce" responses [Model 1, Table 2; F(1, 413) = 4.96, 

p=.095]. In addition, after correcting p-values, there was no significant main effect of sway 

velocity on the proportion of "bounce" responses [F(1, 413) = 3.95, p=.053]. Taken together, 

the data did not support hypothesis four that weaker functional ability or balance ability 

would predict audiovisual integration within the stream-bounce task.  

However, Model 2 (Table 3), indicated there was a significant interaction between age 

and SPPB scores on alpha power [F(1, 413) = 17.29, p<.001]. To analyse this interaction, 

correlational analyses were conducted, assessing the relationship between alpha power and 

SPPB scores in younger adults and in older adults. These exploratory correlational analyses 

revealed that for younger adults, there was a significant negative relationship between alpha 

power and SPPB scores [r(214) = -0.15, p=.025], with lower alpha power being associated with 

stronger functional ability. In contrast, for older adults, there was a significant positive 

relationship between alpha power and SPPB scores [r(214) = 0.20, p=.002], with higher alpha 

power being associated with stronger functional ability. Participants' SPPB scores are 

displayed in Figure 5.  
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Figure 5. Short Physical Performance Battery scores for all participants. Black squares and boxplot represent 

data of younger adults, grey circles and boxplot represent the data of older adults. Each boxplot displays the 

median, the lower and upper quartile for each condition. 

 

Exploratory analyses were also conducted to investigate differences between age groups for 

their subjective perspectives of their balance ability and physical activity levels, using the 

questionnaire data collected from participants before the testing session. The mean scores on 

the ABC and RAPA questionnaires are displayed in Table 4. An independent t-test revealed 

that there was no significant difference between age groups on the ABC [t(70) = 0.48, p=.995] 

or on total RAPA scores [t(70) = 0.63, p=.282]. 
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Table 4 

Mean scores on the ABC and RAPA self-report questionnaires on balance confidence and 

physical activity, for both younger and older adults. Standard deviations displayed in 

parentheses.  

Age group ABC RAPA1 
(aerobic) 

RAPA2 
(strength) 

ABC Class RAPA Class 

Younger 95.10 

(9.61) 

5.67 

(1.59) 

1.42 

(1.11) 

High 
functioning 

Underactive 
regular 

Older 94.16 

(6.72) 

5.72 

(1.16) 

1.06 

(1.24) 

High 
functioning 

Underactive 
regular 
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4.6. Discussion 

The aims of this study were to 1) investigate the role of parieto-occipital alpha power in age-

related changes in audiovisual integration, and 2) investigate the association between 

audiovisual integration and functional ability. Whilst results from the stream-bounce task 

provide support for the theory that older adults exhibit increased audiovisual integration and 

weaker attentional control compared to younger adults, oscillatory alpha power, functional 

ability and balance ability did not predict such changes. However, an interaction between 

participants’ functional ability and age predicted alpha power within the task; this indicates 

younger and older adults may display a differential reliance on attentional mechanisms for 

functional ability.  

 

Older adults displayed weaker attentional control during audiovisual integration 

compared to younger adults. 

The finding that older adults produced a greater proportion of "Bounce" responses compared 

to younger adults, even when attending to the validly-cued location, is consistent with the 

results of Pepper et al. (2023) and supports our hypothesis. Despite the fact that participants 

were paying attention to the visual stimuli in the validly-cued condition, which should 

strengthen the ability to suppress the task-irrelevant sound, older adults integrated the sound 

and the visual intersection more frequently than younger adults did. This is in line with the 

inhibitory deficit hypothesis (Hasher & Zacks, 1988) – older adults found it more difficult to 

inhibit the distracting sound in the stream-bounce task and as a result, produced a greater 

proportion of “Bounce” responses, even if the sound occurred after the circles intersected. 
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This kind of erroneous multisensory integration exhibited by older adults has important 

consequences for their ability to safely perceive and navigate through dynamic environments, 

in that weaker top-down modulation of multisensory integration may result in the increased 

processing of irrelevant sensory information. It is important that future research investigates 

age-related changes in attentional control in relation to complex audiovisual stimuli that 

participants encounter in real-world environments (e.g. speech).  This will allow researchers 

to arrive at more ecologically valid conclusions regarding the impact of older adults’ increased 

integration and weaker attentional control on perception and action. The use of dynamic 

visual stimuli, however, is useful for studying the impact of age-related changes in audiovisual 

integration on fall risk, due to the importance of optic flow mechanisms, for example, in 

guiding safe locomotion and maintaining balance (Raffi & Piras, 2019; Peterka et al., 1995).  

 

Oscillatory alpha power did not predict audiovisual integration.  

The data in the current study did not provide support for our hypothesis – alpha power did 

not predict the proportion of "Bounce" responses produced in the stream-bounce task. A 

potential reason for this is that perhaps analysing alpha activity alone is insufficient for 

investigating the interplay between multisensory integration and inhibitory control (Talsma et 

al., 2010), especially when the moving stimuli used in this task are more complex than simple 

flashes and beeps. For example, whilst alpha activity appears to be crucial in top-down 

attentional control and inhibitory functioning, gamma activity (30-80Hz) is believed to reflect 

the bottom-up processing of low-level sensory inputs (Keil & Senkowski, 2018; Krebber et al., 

2015; Scurry et al., 2021). Scurry et al. (2021) implemented the sound-induced flash illusion 

with younger, healthy older and fall-prone older adults, measuring their alpha and gamma 
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activity throughout. The researchers found that fall-prone older adults were more susceptible 

to the sound-induced flash illusion, displaying increased integration and less accurate 

multisensory perception. Importantly, these fall-prone older adults displayed reduced phase-

amplitude coupling between oscillatory gamma and alpha activity, indicative of less 

modulated multisensory integration compared to non-falling older adults. As such, whilst 

analysing power within individual frequency bands is useful for identifying the functional role 

of specific types of neural oscillations, it is likely that with regards to multisensory integration, 

more holistic findings may come from analysing the synchronisation of multiple neural 

oscillations to understand how information from different senses is selected and bound 

together (Scurry et al., 2021).  

 

Age-related changes in functional ability predicted alpha power, but not audiovisual 

integration.  

The interaction between functional ability and age group was found to predict alpha power 

within the task, which may provide support for the role of attentional control in the balance 

elements of functional ability. Not only is balance negatively affected by age-related 

challenges concerning musculoskeletal demands, medications causing dizziness and 

unisensory declines (Lim & Kong, 2022; Callis, 2016; Reed-Jones et al., 2013), but the weaker 

inhibitory abilities experienced by older adults is also a significant contributor to their 

increased risk of falls (Zhang et al., 2020).  

 Unpicking this significant interaction may lead to important insights into how younger 

and older adults employ attentional mechanisms for functional ability. That is, for younger 

adults, lower increases in alpha power from baseline (i.e. lesser inhibitory control) were 



 

Chapter 4   128   

  

associated with higher SPPB scores (i.e. stronger functional ability), which is surprising 

considering the role of attention and inhibition in the balance elements of functional ability. 

However, for older adults, greater increases in alpha power were associated with stronger 

functional ability (higher SPPB scores). Perhaps the reason for this difference lies in the age-

related changes in the neural mechanisms relied upon for balance in each age group (Malcolm 

et al., 2021). Indeed, age-related declines in sensorimotor tracts within posture control loops 

result in the increased activation of cortical brain regions for balance maintenance in older 

adults (Pepper & Nuttall, 2023; Kahya et al., 2019; Malcolm et al., 2021; Ozdemir et al., 2018). 

For example, Ozdemir et al. (2018) found increased gamma activity in central, frontal and 

central-parietal areas of older adults when sensory information is compromised; these 

increases in gamma activity have previously been attributed to sustained attention (Slobounov 

et al., 2009). Ozdemir et al. (2018) postulated that older adults may allocate increased 

attentional resources to postural control than younger adults.  

This is in line with the scaffolding theory of cognitive ageing (Reuter-Lorenz & Park, 

2014; Oosterhuis et al., 2023), in which increased cortical activation may be a compensatory 

strategy for older adults to maintain functional ability despite neural degeneration of 

subcortical balance centres (Oosterhuis et al., 2023; Kahya et al., 2019; Park & Reuter-Lorenz, 

2009; Montero-Odasso et al., 2017). In the context of the current study, older adults displaying 

an association between increased parieto-occipital alpha power and higher SPPB scores may 

support for the role of inhibitory processes in functional ability, and perhaps reflects the 

increased involvement of cortical regions for supporting functional ability in older adults. That 

is, in line with the "gating-by-inhibition" theories of alpha (Jensen & Mazaheri, 2010), the 

increased parieto-occipital alpha power in older adults may serve to increase the availability 

of cortical resources required for balance maintenance. In contrast, the negative relationship 
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between alpha power and SPPB scores in younger adults may instead reflect the lesser role of 

inhibitory mechanisms for functional ability in this age group, whose sub-cortical 

sensorimotor tracts are intact, rendering balance a more automatic process. It is important 

that future research focusses on uncovering the age-related changes in the cortical 

mechanisms required for balance maintenance, as at the moment, the evidence into such 

changes appears to be limited (Malcolm et al., 2021; Ozedmir et al., 2018).  

A potential reason as to why functional ability and balance ability did not predict 

audiovisual integration within the task (Model 1) could be that the older adults who 

participated in the study were very physically fit and able. This is evident in that the younger 

and older adults who participated in the current study displayed no significant differences in 

balance confidence (as measured by the Activities-Specific Balance Confidence scale) or in 

physical activity levels (as measured by the Rapid Assessment of Physical Activity). Whilst 

older adults may display increased audiovisual integration within the stream-bounce task, the 

high physical ability of these older adults may mask the effects that this less accurate 

integration has on their balance. As such, perhaps balance ability as measured in this study 

was not sensitive enough to predict age-related changes in audiovisual integration. Indeed, 

many clinical assessments of balance and fall risk appear to suffer from floor and ceiling effects 

and lack sensitivity to detect small changes in balance ability (Balasubmaranian, 2015; 

Rockwood et al., 2008; Yelnik & Bonan, 2008). The finding that participants' balance ability did 

not predict audiovisual integration within this task may also be a promising indication that 

whilst older adults may experience increased audiovisual integration, regular exercise and 

maintaining strong physical wellbeing could reduce the effects that these maladaptive 

perceptual changes have on fall risk in older adults.   
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Practical applications and future considerations 

The roles of attention and inhibition in multisensory integration, and the weakening of 

cognitive abilities with healthy ageing, raises important questions regarding the treatments 

and therapies that could be designed to improve the integrative processes of older adults and 

reduce their risk of falls. That is, whilst strength and balance training has been proven to 

improve gait and thus potentially reduce fall risk in older adults during motor interventions 

(see Sherrington et al., 2008, for a detailed meta-analysis), the most effective programmes 

appear to come from combining physical and cognitive therapies (de Bruin et al., 2011; 

Pichierri et al., 2012; van het Reve & de Bruin, 2014), over a sustained period of time. For 

example, van het Reve & de Bruin (2014) implemented a combined motor and cognitive 

intervention with older adults, in which alongside an exercise programme, participants also 

received 12 weeks of cognitive training which included attending to task-relevant stimuli and 

suppressing task-irrelevant stimuli. The researchers found that after strength-balance-

cognitive training, participants' dual task costs during walking were significantly reduced and 

gait initiation was improved compared to participants who underwent strength-balance 

training alone. Taken together, perhaps combined physical and cognitive treatments could be 

effective in reducing the risk of falls in older adults (van het Reve & de Bruin, 2014; Uemura 

et al., 2012). However, when randomised control trials have been implemented amongst 

community-dwelling older adults, the findings have been mixed with regards to whether 

combined cognitive and physical interventions can reduce fall risk more than physical therapy 

in isolation (Turunen et al., 2022; Lipardo & Tsang, 2020; Segev-Jacubovski et al., 2011). As 

such, it is clear that further research is needed, with larger sample sizes and more diverse 
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older adult populations, to determine whether such combined treatments are effective in 

minimising risk of falls in older adults.  

The sampling bias that may be present in many studies investigating age-related 

changes in balance maintenance, or indeed any physical or cognitive aspect of ageing, must 

be taken into account in future research. For example, Brayne & Moffitt (2022) explained how 

‘healthy volunteer bias’ is a high occurrence within ageing research, with older adults who 

agree to participate in such studies often being from more affluent subsections of society and 

healthier than randomly selected sample of the population. A consequence of this is that the 

results from studies using particularly healthy and able older adult samples may not be 

representative of the entire older adult population, making it difficult to generalise the 

findings (Brayne & Moffitt, 2022). However, it is important to note that these kinds of healthy 

volunteer biases are not necessarily limitations of ageing research, but instead, more detailed 

information about participants’ lifestyle, fitness, education and socialisation may be needed 

to create a more comprehensive account of the cognitive and physical abilities of the samples 

used – see Stern et al. (2020) and Oosterhuis et al. (2023) for reviews on the ‘cognitive reserve’ 

theories of ageing, which may contribute to  the high level of individual differences within 

older adult groups. 

 

4.7. Conclusion 

To conclude, the weaker top-down modulation of multisensory integration in older adults can 

have serious implications for their perception of and navigation through their dynamic 

environment. This study has provided support for the role of attentional control in functional 
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ability, with age-related deteriorations in inhibitory function being a potential contributor to 

the increased risk of falls in older adults. To determine the underlying neural correlates of age-

related changes in the top-down and bottom-up mechanisms of multisensory integration, and 

how these affect fall risk, it may be important to analyse neural activity from multiple 

frequency bands, to understand how oscillations coordinate to support multisensory 

perception and action. Future research must also investigate the possibility of younger and 

older adults using different strategies in facilitating the processing of task-relevant information 

and inhibiting task-irrelevant information; each age group may rely upon different brain areas 

and different mechanisms to support multisensory integration, compensating for age-related 

neurodegeneration. Specifically, the increased activation of cortical brain regions in older 

adults is likely to reflect their increased reliance on attentional and inhibitory mechanisms for 

balance maintenance, compared to younger adults. Developing a detailed understanding of 

the age-related changes in multisensory integration, and how this may influence fall risk, could 

provide important direction for the design of cognitive treatments to sharpen the perception 

of older adults and improve their allocation of attentional resources during balance 

maintenance.  
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5. The Role of Age-Related Changes in Alpha Activity 

During Dual-Task Speech Perception and Balance  

 

5.1. Linking Statement 

The previous two chapters have involved investigating the mechanisms of audiovisual 

integration using relatively simple sensory stimuli. Whilst this has provided important insights 

with regards to how bottom-up and top-down elements of multisensory integration may 

change with healthy ageing (Setti et al., 2011; Hirst et al., 2019), it is also crucial to consider 

how such mechanisms may manifest during complex tasks like speech perception. In our noisy, 

dynamic everyday lives, it is very rare that we are performing one multisensory task in 

isolation. Instead, speech perception is often accompanied by simultaneous motor demands 

associated with balance maintenance, such as walking, cooking and shopping (Helfer et al., 

2020). With increasing age, these dual-task abilities may deteriorate, due to the increased 

difficulty that older adults may experience with flexibly allocating attentional resources to two 

co-occurring multisensory tasks. These difficulties are exacerbated when cognitive load is high 

(Lajoie et al., 1993; Helfer et al., 2020), such as perceiving speech in adverse listening 

environments or maintaining challenging balance. Once again, oscillatory alpha power may 

cast light on how the reallocation of attentional resources changes as a function of healthy 

ageing, and the impact that such changes have on an older adult's speech perception and fall 

risk.  

This study investigated age-related changes in oscillatory alpha activity during 

simultaneous balance maintenance and speech perception. Using a dual-task paradigm, 

younger and older participants identified key words within sentences (retrieved from the Grid 
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corpus; Cooke et al., 2006) in clear or noisy listening environments, whilst standing in easy or 

difficult balance positions. The proportion of words correctly identified by younger and older 

adults in each condition was compared. Neural data was measured using EEG throughout the 

task, to identify differences in parieto-occipital and fronto-central alpha power when younger 

and older adults allocated attentional resources between speech perception and balance 

maintenance. The findings of these preliminary data indicate that older adults may be more 

robust to age-related changes in attentional control than once thought, and may effectively 

employ compensatory strategies to preserve speech perception and balance performance. 

Potential reasons for this are discussed within the chapter, with a particular emphasis on the 

importance of "cognitive reserve" theories (Stern et al., 2020) in understanding heterogenous 

ageing trajectories, and the impact of this on perceptual and cognitive performance.  

 

Author note: The study hypotheses, design and statistical analyses were pre-registered 

online on the Open Science Framework: https://doi.org/10.17605/OSF.IO/JD7NE. This 

manuscript was prepared in collaboration with Dr Theodoros Bampouras and Dr Helen 

Nuttall.  

  

https://doi.org/10.17605/OSF.IO/JD7NE
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5.2. Abstract 

Research suggests that older adults find it more difficult than younger adults to flexibly 

allocate attentional resources between two co-occurring multisensory tasks, such as 

perceiving speech whilst maintaining balance. This attentional control may be reflected in 

oscillatory alpha activity, with increases in activity reflecting inhibition of different brain 

regions and decreases reflecting neural activation. However, there is limited research 

examining how alpha activity during dual-task conditions may change as a function of healthy 

ageing. This study aimed to investigate how younger and older adults reallocate attentional 

resources during dual-task conditions, and how these age-related changes are reflected in 

alpha activity; it is important to develop a comprehensive understanding of the impact of such 

changes on everyday speech perception and balance maintenance in our increasingly ageing 

population. 

Nineteen younger adults (18-35 years old) and sixteen older adults (60-80 years old) 

were asked to identify words in audiovisual sentences extracted from the Grid corpus. 

Participants completed this speech perception task in either a clear listening environment or 

a noisy listening environment, whilst standing in an easy balance position (feet side-by-side) 

or a hard balance position (feet in tandem). Throughout the task, fronto-central and parieto-

occipital alpha activity was recorded using EEG, to measure activation in brain regions 

associated with balance maintenance and audiovisual speech perception, respectively.  

Mixed ANCOVAs revealed that all participants produced a weaker speech perception 

performance in noisy listening conditions. However, speech perception performance in the 

noisy listening condition was strongest when participants stood in a challenging balance 

position, in contrast to our hypotheses. Whilst these behavioural effects were not reflected by 
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fluctuations in parieto-occipital alpha power, decreases in fronto-central alpha power were 

greater in clear listening conditions compared to noisy listening conditions. Taken together, 

the results suggest that increasing cognitive load with a secondary multisensory task may not 

always be detrimental to balance maintenance in physically and cognitively fit older adults.   

 

Word count: 311 

Key words: attention, dual-task, multisensory, alpha, speech, balance, ageing 
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5.3. Introduction 

Quick and accurate audiovisual speech perception in a multitalker environment requires the 

focussing of attention on congruent visual and auditory inputs from one speaker, and the 

suppression of distracting, irrelevant background speech (Begau et al., 2022; Dey & Sommers, 

2015). With increasing age, speech perception becomes more challenging, particularly in 

noisy listening environments (Tremblay et al., 2021; Helfer et al., 2017, Roberts & Allen, 2016; 

Getzmann et al., 2016). Indeed, whilst difficulties in speech perception are exacerbated by 

age-related hearing loss (Slade et al., 2020), a fundamental top-down contributor is that the 

ability to inhibit distracting background information has been found to weaken with healthy 

ageing (Borghini et al., 2018; Gazzaley et al., 2005; Gazzaley et al., 2008; Fabiani et al., 2006; 

Hasher et al., 2007). Crucially, age-related deficits in attentional control result in less accurate 

audiovisual integration, increased cognitive load and greater difficulty perceiving speech in 

adverse listening conditions.   

In laboratory testing, audiovisual speech perception is often investigated by asking 

participants to listen and respond to speech in the form of an isolated, seated computer task. 

However, in everyday life settings, speech perception is much more complex and dynamic, 

often involving multitasking, with demands placed on the motor system. For example, people 

regularly communicate whilst simultaneously completing other activities of daily living, such 

as walking, shopping or cooking (Helfer et al., 2020). As such, it is important to research 

whether age-related changes in attentional control can impact the ability to successfully carry 

out combined cognitive-motor tasks (Helfer et al., 2020); specifically, whether speech 

perception is made increasingly challenging due to the simultaneous attentional demands 

associated with balance maintenance. Indeed, whilst an older adult’s vision and hearing loss 
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(Reed-Jones et al., 2013; Campos et al., 2018), muscle loss (Lim & Kong, 2022), and 

prescription to certain medications (Callis et al., 2016) may have an adverse effect on their 

balance ability, research also suggests that weaker attentional control can also negatively 

affect balance and predict fall risk (Hegeman et al., 2012; Montero-Odasso et al., 2012). Taken 

together, both weaker speech perception and unstable balance can have a significant impact 

on older adults’ quality of life, with many feeling reluctant to visit busy places and withdrawing 

from social situations (Slade et al., 2020; Weissgerber et al., 2022).   

However, at this point, it is important to note that ageing trajectories are 

heterogenous, with some older adults being more robust to the negative effects of ageing 

compared to others (Daskalopoulou et al., 2019; Oosterhuis et al., 2023). For example, 

external factors such as years of education, amount of socialisation, and levels of physical 

activity can contribute to "cognitive reserve" (Stern et al., 2020; Oosterhuis et al., 2023). Older 

adults with higher levels of cognitive reserve can strengthen existing brain networks to 

facilitate the use of alternative cognitive strategies (Stern et al., 2020; Oosterhuis et al., 2023); 

this cognitive flexibility can potentially preserve performance in tasks that would have 

otherwise been challenged by the ageing process, like speech perception and balance 

maintenance. In contrast, older adults with lower cognitive reserve, or those who experience 

wider issues like health inequalities and cognitive frailty (Tan et al., 2022; Franse et al., 2017), 

are more likely to exhibit the negative effects of ageing discussed previously, such as weaker 

speech perception and increased fall risk. Despite these individual differences, and given our 

increasingly ageing population, it is important to investigate the attentional mechanisms 

involved in simultaneously understanding speech and maintaining balance, and how this may 

change as a function of healthy ageing.  
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The joint impact of age-related changes in speech perception and balance 

maintenance is often investigated using dual-task methodologies, manipulating the cognitive 

load required to maintain balance and assessing the impact that this has on performance in a 

secondary multisensory speech perception task (Lajoie et al., 1993). Humans possess a limited 

amount of attentional resources which must be divided efficiently for accurate performance 

in any cognitive or motor tasks (Wingfield et al., 2016; Slade et al., 2020). When one task is 

more difficult and increases cognitive load, this may exceed the attentional capacities of older 

adults, resulting in decreased performance in one or both tasks (Ruffieux et al., 2015; Helfer 

et al., 2020). Data indicate that older adults prioritise balance maintenance over any co-

occurring cognitive or motor tasks, adopting a "posture first" strategy to prevent falling 

(Brauer et al., 2002; Ozdemir et al., 2016). In a dual-task situation, if balance is more 

challenging for older adults due to neuromuscular or unisensory declines, they may allocate 

increased attentional resources to maintaining balance (Hulsdunker et al., 2016; Woollacott & 

Shumway-Cook, 2002), to the detriment of their performance in a secondary multisensory 

task such as speech perception (Pepper & Nuttall, 2023; Boisgontier et al., 2013). Likewise, if 

older adults are asked to perceive speech amongst distracting background noise, the resulting 

high cognitive load may divert attentional resources away from balance and lead to increased 

fall risk (Pepper & Nuttall, 2023; Setti et al., 2011; Wajda et al., 2017; Ruffieux et al., 2015).  

Many studies have previously found that, in older adults, postural control shifts from 

supra-spinal neural pathways to higher cortical networks (Ozdemir et al., 2016). Specifically, 

due to age-related impairments in supra-spinal sensorimotor tracts responsible for automatic 

posture, older adults may rely on higher-level cortical processing loops as a compensatory 

strategy to maintain balance (Ozdemir et al., 2016; Boisgontier & Nougier, 2013). In this way, 

allocating an increased amount of cognitive resources to postural control can have a negative 
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impact on any concurrent cognitive tasks due to limited attentional capacity (Kahya et al., 

2019; Ozdemir et al., 2016; Boisgontier & Nougier, 2013; Goble et al., 2010). This is supported 

by research by Ozdemir et al. (2016), who found that older adults who had a high cognitive 

capacity (i.e. a higher response accuracy in a working memory task) displayed less postural 

sway during challenging balance conditions, indicating the important role that availability of 

cognitive resources has on balance maintenance in older adults. Likewise, older adults with 

cognitive impairment, who may not have the availability or flexibility required to efficiently 

allocate attentional resources, are at an increased risk of falls even when their motor control 

is preserved (Eriksson et al., 2008; van Iersel et al., 2006).  

Oscillations in the alpha-band frequency (8-12Hz) are believed to be neural correlates 

of attentional and inhibitory mechanisms (Lange et al., 2014; Pepper et al., 2023; Kelly et al., 

2006). Increases in alpha activity in parieto-occipital regions reflect the suppression of noisy, 

irrelevant sensory information during audiovisual processing (Lange et al., 2014; Keller et al., 

2017; Keil & Senkowski, 2017), whereas decreases in alpha activity in these regions indicate 

increased activation, facilitating the processing of congruent sensory inputs which should be 

integrated (Kelly et al., 2006; Thut et al., 2006; Rihs et al., 2007). For example, O'Sullivan et 

al., (2016) found that when participants were presented with incongruent visual and auditory 

speech information, parieto-occipital alpha power increased, inhibiting the visual inputs to 

prevent erroneous integration. However, when visual and auditory inputs were congruent, 

alpha activity decreased – this facilitated integration of the visual and auditory information to 

produce a quick and accurate percept of the speech. In addition, with regards to speech 

perception in adverse listening conditions, Wostmann et al. (2017) found that parietal alpha 

power increased when highly distracting background speech had to be inhibited. It follows 

that if older adults experience increased difficulty in inhibiting background speech in noisy 
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listening environments, this may be reflected in lower increases in parieto-occipital alpha 

power compared to younger adults. In this way, increases and decreases in alpha power can 

be used to identify the extent to which younger and older adults are able to inhibit distracting 

sensory inputs and divert attentional resources towards audiovisual integration for speech 

perception.  

Alpha oscillations have also been used to investigate the cortical brain regions involved 

in balance. During challenging balance conditions, previous research has found that alpha 

power decreases in central brain regions (Kahya et al., 2022; Hulsdunker et al., 2015; Del 

Percio et al., 2009; Slobounov et al., 2009; Beurskens et al., 2016) compared to easier balance 

conditions. These decreases in alpha power have been interpreted as increased information 

processing during postural instability (Edwards et al., 2018; Hulsdunker et al., 2015). That is, 

whilst increases in parieto-occipital alpha power may reflect the inhibition of task-irrelevant 

audiovisual information, decreases in fronto-central alpha power in may reflect increased 

recruitment of relevant cognitive-motor resources to maintain balance (Kahya et al., 2022; 

Hulsdunker et al., 2016; Beurskens et al., 2016; Shaw et al., 2018). Indeed, older adults are 

believed to show increased global neural activity during dual-task conditions than single tasks, 

compared to younger adults (Kahya et al., 2019; Ozdemir et al., 2016; Rosso et al., 2017). If 

older adults are more reliant on cortical brain regions to maintain balance due to 

neurodegeneration of subcortical balance centres, this could be reflected in greater decreases 

in fronto-central alpha activity as a compensatory strategy to reduce incidence of falls.   

This study investigated whether age-related changes in oscillatory alpha power reflects 

the allocation of attentional resources in younger and older adults during dual-task speech 

perception and balance maintenance. Younger and older adults completed an audiovisual 
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speech perception task in which they were asked to identify key words from the Grid corpus 

(Cooke et al., 2006), in clear or noisy listening environments. Simultaneously, participants 

were asked to maintain their balance, in an easy balance position (feet side-by-side) or a hard 

balance position (feet in tandem), whilst their sway velocity was recorded. Alpha activity in 

fronto-central and parieto-occipital brain regions was recorded throughout using EEG. The 

hypotheses were as follows: 

1. Older adults’ speech perception will be more negatively affected by difficult balance 

conditions than by easy balance conditions, relative to younger adults. 

2. Older adults’ speech perception in noisy conditions will be more negatively affected 

by difficult balance than in clear conditions, relative to younger adults.  

3. Participants will display decreased fronto-central alpha power in difficult balance 

conditions compared to easy balance conditions.  

4. Older adults will produce larger decreases in fronto-central alpha power than younger 

adults in difficult balance conditions.   

5. Participants will show increased parieto-occipital alpha power in noisy listening 

environments compared to clear listening environments. 

6. Older adults will display smaller increases in parieto-occipital alpha power during 

noisy listening conditions than younger adults. 
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5.4. Methods 

5.4.1. Participants 

Data analysed will be based on 19 younger adults (8 males, 11 females) between 18-35 years 

old (M = 22.47, SD = 4.43) and 16 older adults (6 males, 10 females) between 60-80 (M = 

69.63, SD = 5.28). The full sample size required for this study to be adequately powered was 

determined via an a-priori power analysis using the ANOVA_power Shiny application (Lakens 

& Caldwell, 2019; see pre-registration on Open Science Framework: 

https://doi.org/10.17605/OSF.IO/JD7NE). This required collecting the means and standard 

deviations reported in Helfer et al. (2020), who conducted a similar study examining age-

related changes in postural control during a speech perception task. The minimum sample size 

was systematically altered to achieve a simulated power of 80% or higher for as many of the 

main effects and interactions as feasibly possible. Using a power of 80% and an alpha value of 

0.017 to correct for multiple comparisons, the ANOVA_power app indicated that a minimum 

sample size of 60 per group was required.  

Participants were eligible for the study if they were fluent English speakers with normal 

or corrected-to-normal vision, screened for via self-report. Participants were ineligible to 

proceed with the experiment if they had a history or current diagnosis of cognitive 

impairments or neurological conditions (e.g. epilepsy, mild cognitive impairment, dementia, 

Parkinson’s Disease) or learning impairments (e.g. dyslexia). Participants were also ineligible 

to participate if they suffered from motion sickness; if they were diagnosed with any vestibular 

impairments (e.g. vertigo) or numbness in the lower limbs; if they were diagnosed with any 

muscle or bone conditions which could prevent standing comfortably (including lower limb, 

hip or spine surgery within the last year, or recent injury); if they relied on assistive walking 

https://doi.org/10.17605/OSF.IO/JD7NE
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devices (e.g. canes or walking frames), or if they were on medication which depresses the 

nervous system or affects balance (Thomas et al., 2016).  

Participants were recruited via opportunity sampling; younger participants were 

students at Lancaster University, whilst older participants were recruited through the Centre 

for Ageing Research at Lancaster University, or through advertising to local community groups, 

such as University of the Third Age. All participants provided informed consent. Ethical 

approval was received from Lancaster University Faculty of Science and Technology Ethics 

Committee (ref: FST-2023-3499-RECR-3). 

 

5.4.2. Pre-screening tools 

Informant Questionnaire on Cognitive Decline in the Elderly (IQ-CODE; Appendix B; Jorm, 

2004).  

Older adult participants used a self-report version of the IQ-CODE to rate how their 

performance in certain tasks now has changed compared to 10 years ago, answering on a 5-

point Likert scale (1=“Much Improved”, 5=“Much worse”). An average score of approximately 

3.65 is the usual cut-off point when evaluating cognitive impairment and dementia (Jansen et 

al., 2008; Slade et al., 2024), therefore people whose average score was higher than 3.65 were 

not eligible to participate in the experiment. This was to ensure that any age-related changes 

in audiovisual integration measured in the task would not be due to the participant 

experiencing mild cognitive impairment. The mean IQ-CODE score of the older adult 

participants in this study was 3.04 (SD = 0.21).  



 

Chapter 5   152   

   

Pure-Tone Audiometry Assessment (British Society of Audiology, 2018) 

To confirm that younger participants had normal hearing and older participants’ age-related 

hearing loss did not exceed moderate, participants completed a pure-tone audiometry 

assessment, following the guidelines established by the British Society of Audiology (2018). 

Pure-tone thresholds were measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz 

bilaterally, with thresholds averaged from the 0.5 kHz, 1kHz, 2kHz and 4kHz frequencies to 

determine the pure-tone average across both ears. Normal hearing is defined as pure tone 

thresholds ≤20dB at 0.5-4 kHz. We expected older adults to have higher thresholds due to 

age-related hearing loss, as such they were required to have pure tone thresholds ≤40dB at 

0.5-4kHz (Li et al., 2020). This was to ensure that any age-related differences in multisensory 

performance was not due to moderate or severe hearing loss in the older adult sample.  

An independent t-test revealed that there was a significant difference in PTA 

thresholds between age groups [t(33) = -6.70, p<.001); a higher PTA threshold was recorded 

in older adults (M = 18.52, SD = 7.53) compared to younger adults (M = 4.54, SD = 4.70). PTA 

data for each age group, at each frequency, is displayed in Figure 1.  
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Figure 1. Pure-tone audiometry thresholds, in db HL, for each age group at each frequency. Younger adult 
means are represented in green, older adult means are represented in grey. 

 

5.4.3. Experimental Design 

Questionnaire Measures 

Upon arrival at the lab, participants completed two self-report assessments of physical 

activity, providing detailed information regarding participants' own perception of their 

balance abilities and their fitness levels. 

Activities-Based Balance Confidence Scale (ABC; Appendix C; Powell & Myers, 1995). 

The ABC scale is a 16-item questionnaire used to assess participants’ balance confidence in 

performing daily activities. Participants were asked to rate how confident they are in 

performing each activity, on a 10-point scale ranging from 0% (not confident at all) to 100% 
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(completely confident). An average score of greater than 80% indicates high levels of 

functioning; a score of between 50% and 80% indicates moderate levels of functioning; a score 

of less than 50% indicate low levels of functioning. Crucially, a score of less than 67% is 

indicative of a substantial risk of falling. 

Rapid Assessment of Physical Activity (RAPA; Appendix D; Topolski et al., 2006). The 

RAPA is a 9-item questionnaire used to assess the level of physical activity in the samples. 

Participants are presented with 9 scenarios relating to the amount and intensity of their 

physical activity, in which they are asked to answer Yes/No to whether the physical activity 

level in the scenario accurately describes them. The scale is divided into two parts. RAPA1 

consists of 7 items and measures cardio-respiratory, aerobic activity. The highest affirmative 

score provided by participants is their final recorded score for RAPA1 (scored as 1 = 

"Sedentary", 2 = "underactive", 3 = "underactive regular - light activities", 4 and 5 = 

"underactive regular", 6 and 7 = "Active"). RAPA2 consists of 2 items and measures strength 

and flexibility-based physical activity. An affirmative response to the first item results in a score 

of 1; an affirmative response to the second item results in a score of 2; affirmative responses 

to both items scores 3; negative responses to both items scores 0. Participants' scores on 

RAPA1 and RAPA2 were added together to provide an overall indication of physical activity 

levels of the samples. Higher total scores represent higher levels of physical activity. 

Speech perception task 

This study implemented a 2 (Age: Younger vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening 

Condition: Clear vs Noisy) mixed design, with Age as the between-subjects factor, and Stance 
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and Listening Condition as within-subjects factors. The experiment consisted of 4 different 

combinations of conditions: 

1. Easy stance, clear listening condition (EasyClear) 
2. Easy stance, noisy listening condition (EasyNoise) 
3. Hard stance, clear listening condition (HardClear) 
4. Hard stance, noisy listening condition (HardNoise) 

Each participant completed two blocks of 24 trials for each condition (48 trials per condition 

in total). Participants were assigned to one of 4 groups, which determined the 

counterbalanced order in which each block was presented. After every 8 trials, participants 

had the opportunity for a break. Participants also completed 48 clear trials whilst seated and 

48 noisy trials whilst seated – these were the single-task conditions, allowing for the 

calculation of dual-task costs in speech perception performance which may arise from adding 

the balance task. The duration of the task was approximately 1.5 hours in total.  

Speech perception: materials. All sentences used in the task were extracted from the 

Grid corpus (Cooke et al., 2006). The Grid is a large audiovisual sentence corpus comprising of 

high-quality facial recordings of 1000 sentences spoken by each of 34 talkers. Speaker 29 of 

the Grid corpus was used for each trial of this experiment. The duration of each sentence was 

3 seconds, and each sentence had the same structure – command, colour, preposition, letter, 

number, adverb, such as "lay green at C 4 please" (Table 1). Participants were asked to identify 

the letter and the number that was spoken in each trial.  
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Table 1 

Structure of sentences within the GRID corpus. Each participant was asked to identify the 
letter and the number spoken in each sentence. 

 

Command Colour Preposition Letter Number Adverb 

Place Red At A-Z, 
excluding 
letter W 

0-9 Now 

Lay White By   Again 

Bin Blue In   Soon 

Set Green With   Please 

 

Participants watched and listened to the sentences being spoken in clear listening 

environments (no noise), and in noisy listening environments, in which the target sentence 

was accompanied by 4-talker babble noise. This 4-talker babble noise was created using male 

and female voices taken from the Clarity Speech Corpus (Graetzer et al., 2022). The noise clips 

were the same duration, and had the same onset and offset, as the audiovisual Grid sentence. 

Four different noise audio clips were created; one of four clips were played in each trial of the 

noisy listening condition. Noise was added at a signal-to-noise ratio of -15dB, modulated using 

Audacity (version 3.3.3). Each stimulus presentation lasted for 3 seconds. 

Speech perception: experimental paradigm. Participants first completed the seated 

clear and noisy practice blocks consisting of 10 trials each, before proceeding to the seated 

single-task clear and noisy blocks. After this, participants completed single-task side-by-side 

and tandem balance measurements, in which their sway velocity was recorded for 60 seconds 

each – participants were asked to focus on a fixation cross on the screen throughout these 
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single-task balance measurements, with their hands by their sides. After this, the dual-task 

phase of the experiment began. Participants stood with their hands by their sides facing the 

computer, with feet in either a side-by-side (easy) or tandem (hard) position. A prompt was 

displayed on the screen at the beginning of each block to instruct participants which stance 

to adopt. At the start of each trial, participants were presented with a fixation cross lasting 1.5 

seconds. After this, the audiovisual speech video was played, in either a clear or noisy listening 

environment. At the end of the video, participants were asked to press the corresponding keys 

on the keyboard to identify the letter and number spoken, returning their hand to their side 

before the start of the next video.  

The experiment was completed in a soundproof booth on an Apple Mac computer 

(version 12.2.1) with a standard keyboard. All participants wore EEG-compatible earphones 

(ER2 ultra-shielded insert earphones; Intelligent Hearing Systems). A standing desk was used 

to ensure that the computer screen was at an appropriate height for all participants, at eye-

level and ensuring that the keyboard was at a comfortable reaching distance.  

 

Balance measures 

Sway velocity was recorded during the easy and hard balance conditions using a smartphone 

with a built-in inertial measurement unit (IMU). The smartphone was positioned in a holster 

slightly below the participants' waistband to avoid excess instability and noise from breathing 

movements. The IMU sensor signals were sampled at 50Hz using the Lockhart Monitor iPhone 

app (Locomotion Research Laboratory, Arizona State University; iOS App Store). The Lockhart 

Monitor measures linear and nonlinear parameters of a person's postural stability, recording 
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sway velocity, sway area and sway path (Doshi et al., 2023). The app consists of a start and 

stop button for recording. Each balance recording lasted 60 seconds, which is the maximum 

duration possible on the Lockhart Monitor app. Due to the fact that each block of 24 sentences 

lasted 3 minutes (8 trials per minute, then a break), this resulted in three balance recordings 

per block. The sway velocity from each of these balance recordings was averaged to provide 

one grand average sway velocity for each participant in each block.  

 

5.4.4. EEG Data Acquisition and Pre-Processing 

Continuous EEG data were sampled at 500Hz from a 32-channel EEG amplifier system 

(BrainAmps, BrainProducts GmbH, Germany) with Ag/AgCl electrodes positioned according to 

the international 10-20 system (actiCAP EasyCap, BrainProducts, GmbH, Germany), 

referenced to the central Reference electrode during recording. Psychopy and BrainVision 

Recorder (version 1.10, Brain Products GmbH, Germany) were used in conjunction to record 

trial-specific information in real time, including EEG triggers coded to identify the condition 

each participant experienced (Franzen et al., 2020; Klatt et al., 2020). 

Processing and EEG analyses were completed offline using the EEGLAB toolbox (Delorme & 

Makeig, 2004) and MATLAB scripts. The EEG data were first resampled to 250Hz, re-referenced 

to the average of all electrodes, and a digital low cut-off filter of 0.1Hz and a high cut-off filter 

of 44Hz was applied. Breaks between experimental blocks were removed and an independent 

component analysis (ICA) was performed on the data. Artefactual independent components 

were detected and rejected using the ICFlag function in EEGLAB; components that were 

identified as being over 80% likely to be heart, muscle or eye artefacts were removed from 
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the dataset (Delorme et al., 2007). The pre-processed EEG data were then epoched; the epoch 

started 1000ms before the video was presented, recording EEG data whilst the participant was 

looking at the fixation cross. The epoch ended 3000ms after the video was presented, 

recording EEG data whilst the participant watched and listened to the full duration of the 

audiovisual speech.  

Alpha power extraction 

Alpha power was extracted from the 8-12Hz frequency band at electrodes positioned over the 

parietal and occipital regions (P3, P4, P7, P8, O1, O2, Oz), as well as over frontal and central 

regions (F3, F4, Fz, FC5, FC1, FC2, FC6). Alpha power was determined using the power spectral 

density (PSD) package in EEGLAB. The 'spectopo' function is based upon Welsch's method and 

uses a 256-point Hamming window. Within each epoch, for each participant, mean alpha 

power over each electrode was calculated for the 1000ms pre-stimulus interval of each 

condition type (fixation cross), and for the 3000ms audiovisual condition type (video clip). The 

alpha power was then averaged across all electrodes of interest, to produce a grand mean 

alpha power value for the experimental condition, and a grand mean alpha power for the pre-

stimulus baseline associated with each condition, for each electrode cluster. Mean baseline 

alpha power was then subtracted from mean experimental alpha power to produce an alpha 

power value representative of the difference in alpha power between ‘rest’ (pre-stimulus 

interval) and the experimental trial. This means that each participant had a mean alpha power 

difference value for fronto-central regions and a mean alpha power difference value for 

parieto-occipital regions, each of which were used as the main outcome variables in the EEG 

analyses. 
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5.4.5. Procedure 

The procedure for this study is displayed in Figure 2.  

 

 

 

 

 

 

Figure 2. Flowchart detailing the procedure of the study.   

 

5.4.6. Statistical analyses 

Data collected in this study were analysed using a series of mixed ANCOVA models in SPSS 

(IBM SPSS Statistics for Windows, Version 28.0. Armonk, New York) and visualised using R 

Studio (version 4.2.1), assessing differences between groups and conditions. Pure-tone 

audiometry was included as a covariate in each statistical model to control for differences in 

hearing acuity. To correct for multiple models, an alpha value of p=.017 was used as the 

threshold for significance. 

Consent (plus IQCODE for 
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Clear and noisy 
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Behavioural data.  

Model 1 analysed behavioural data, the outcome variable being the percentage of letters and 

numbers correctly identified in each condition of the dual-task speech perception block. To do 

this, the number of letters and numbers correctly identified in each block was first calculated 

– given that there were 24 trials in each block, the highest possible total correct was 48 (a 

letter and a number for each trial). This score was then converted to a percentage. As there 

were two blocks per condition, the two percentages were averaged to provide a grand mean 

percentage of words correctly identified in each condition. To address the violation of ANOVA 

assumptions present with percentage data, these grand means were converted into z-scores, 

following the procedures recommended by Caldwell et al. (2019). A 2 (Age: Younger vs Older) 

x 2 (Stance: Easy vs Difficult) x 2 (Listening Condition: Clear vs Noisy) mixed ANCOVA was then 

conducted. Post-hoc pairwise comparisons were also used where appropriate.  

 Behavioural data: dual-task costs. To analyse the impact that the reallocation of 

attentional resources to balance maintenance has on speech perception performance, an 

exploratory analysis was also conducted on the dual-task costs involved in the speech 

perception task. That is, the difference in the percentage of words correctly identified when 

participants completed the task seated (single-task condition, no postural manipulation) 

versus when they completed the task in either the Easy or Hard stance condition (dual-task 

condition) were computed using the following formula: 

𝐷𝑢𝑎𝑙 𝑡𝑎𝑠𝑘 𝑐𝑜𝑠𝑡𝑠 =  
𝑑𝑢𝑎𝑙 𝑡𝑎𝑠𝑘% 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 − 𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘% 𝐶𝑜𝑟𝑟𝑒𝑐𝑡

𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘%𝐶𝑜𝑟𝑟𝑒𝑐𝑡
 𝑥 100 

This resulted in 4 dual-task cost outcome variables (e.g. the dual-task cost value for EasyClear 

compared the speech perception performance of participants in the clear listening, easy 
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stance condition compared to the clear listening, seated condition). Dual-task costs were then 

analysed using a 2 (Age: Younger vs Older) x 2 (Stance: Easy vs Difficult) x 2 (Listening 

Condition: Clear vs Noisy) mixed ANCOVAs.  

EEG data: fronto-central alpha power 

The dependent variable for Model 2 was the difference in fronto-central alpha power from 

baseline. Alpha power recorded over each fronto-central electrode was averaged to produce 

a grand mean resting alpha power during the fixation cross (1000ms) and a grand mean 

experimental alpha power during the video clip (3000ms). Mean baseline alpha power was 

subtracted from mean experimental alpha power, to create a mean fronto-central alpha 

power difference for each Stance and Listening Condition experimental condition. A 2(Age: 

Younger vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening Condition: Clear vs Noisy) mixed 

ANCOVA was then conducted. Post-hoc pairwise comparisons were also used where 

appropriate. 

EEG data: parieto-occipital alpha power.  

The dependent variable for Model 3 was the difference in parieto-occipital alpha power from 

baseline. Alpha power recorded over each parieto-occipital electrode was averaged to 

produce a grand mean resting alpha power during the fixation cross (1000ms) and a grand 

mean experimental alpha power during the video clip (3000ms). Mean baseline alpha power 

was subtracted from mean experimental alpha power, to create a mean parieto-occipital 

alpha power difference for each Stance and Listening Condition experimental condition.  A 2 

(Age: Younger vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening Condition: Clear vs Noisy) 
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mixed ANCOVA was then conducted. Post-hoc pairwise comparisons were also used where 

appropriate. 

Sway velocity 

A further exploratory analysis was conducted on the sway velocities recorded by each 

participant in each condition. Velocity was recorded (cm/s) in 3 x 60 second segments for each 

block of each condition. Given that there were two blocks of trials per condition, this resulted 

in 6 sway velocity segments for each Stance x Listening Condition experimental condition. 

These velocities were averaged so that each Stance x Listening Condition experimental 

condition corresponded to one grand mean sway velocity. A 2 (Age: Younger vs Older) x 2 

(Stance: Easy vs Difficult) x 2 (Listening Condition: Clear vs Noisy) mixed ANCOVA was then 

conducted on these grand mean velocity measures. 

 

5.4.7. Deviations from pre-registration 

It is important to note that the analyses conducted on the current dataset are not the final 

sample of participants required for this study to be adequately powered. As such, the results 

presented should be viewed as preliminary pending the recruitment of the full sample size.  
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5.5. Results 

5.5.1. Behavioural data analysis – dual-task speech perception performance 

Behavioural data in this study constitutes the percentage of letters and numbers correctly 

identified in each dual-task condition. The mean percentage correct, for each age group, is 

displayed in Figure 3.  

 

 

Figure 3. Mean percentage of letters and numbers correctly identified in each condition. Grey squares 
represent data of older adults, green circles represent data of younger adults.  
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H1: Older adults' speech perception will be more negatively affected by difficult balance 

conditions than by easy balance conditions, compared to younger adults. 

To analyse participants behavioural responses in the dual-task conditions, a 2 (Age: Younger 

vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening Condition: Clear vs Noisy) mixed ANCOVA 

was conducted. The ANCOVA revealed that there was no significant interaction between 

Stance and Age [F(1,32)=.09, p=.770, ƞp2=.003). As a result, the data do not support 

hypothesis 1 predicting that older adults would produce a weaker speech perception 

performance compared to younger adults when balance is compromised. For completeness, 

the rest of the model statistics are as follows. There was also no significant main effect of Age 

on the percentage of words correctly identified [F(1,32 = 0.12, p=.733, ƞp2= 0.004)]. Overall, 

a similar percentage of words were correctly identified by older adults (M=88.49%, SE=1.09) 

as by younger adults (M=88.90%, SE=0.0.96).  

However, the mixed ANCOVA did reveal a significant main effect of Stance [(F(1,32)= 

11.97, p=.002, ƞp2=0.27)]. Interestingly, a greater percentage of letters and numbers were 

correctly identified in the hard stance condition (M=90.85%, SE=0.53) than in the easy stance 

condition (M=87.54%, SE=0.71; mean difference = 3.31%, SE=0.57, p<.001), in contrast to our 

predictions that speech perception would be more difficult in challenging balance conditions.  

 

H2: Older adults' speech perception in noisy conditions will be more negatively affected by 

difficult balance than in clear conditions. 

The mixed ANCOVA revealed no significant interaction between Age, Stance and Listening 

Condition [F(1,32)= .096, p=.759, ƞp2=.003]. As such, the data currently do not support 

hypothesis 2. For completeness, the rest of the model statistics are as follows. There was a 
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significant main effect of listening condition on the percentage of words correctly identified 

[F(1,32)=64.28, p<.001, ƞp2=.67)]. As would be expected, a greater percentage of words were 

correctly identified in the clear listening conditions (M=99.18%, SE=0.24) compared to noisy 

listening conditions (M=79.20%, SE=1.01; mean difference = 19.98%, SE=0.95, p<.001).  

It was also important to analyse any interactions between variables, and crucially, the 

mixed ANCOVA revealed a significant interaction between Stance and Listening Condition 

[F(1,32)=8.62, p=.006, ƞp2=0.21). Post-hoc pairwise comparisons revealed that in the clear 

listening condition, there was no significant difference in the percentage of words correctly 

identified in the easy stance position (M=98.87%, SE=0.34) compared to the hard stance 

position (M=99.49%, SE=0.19). However, in the noisy listening condition, there was a 

significant difference; more words were correctly identified in the hard stance position 

(M=82.20%, SE=1.02) compared to the easy stance position (M=76.21%, SE=1.30; mean 

difference = 6.00%, SE=1.17, p<.001). This is in partial support of our hypothesis predicting 

that the impact of the balance manipulation on speech perception will be most evident in the 

most challenging listening conditions, in which cognitive load is high. However, the results are 

in the opposite direction to our prediction – in noisy listening conditions, speech perception 

appears to be improved during the most difficult, tandem balance positions compared to the 

easy, side-by-side position. Pairwise comparisons also revealed that, in the easy balance 

position, identification was better in clear listening conditions (M=98.87%, SE=0.34) compared 

to noisy listening conditions (M=76.21%, SD=1.30; mean difference = 22.66%, SE=1.25, 

p<.001). Likewise, in the hard balance position, identification was better in clear listening 

conditions (M=99.49%, SE=0.19) compared to noisy listening conditions (M=82.20%, SE=1.02; 

mean difference = 17.29%, p<.001). 
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There were no significant interactions between Stance and Age [F(1,32)=.09, p=.770, 

ƞp2=.003), or between Listening Condition and Age [F(1,32)=0.19, p=.670, ƞp2=.006]. There 

was also no significant interaction between Age, Stance and Listening Condition [F(1,32)= 

.096, p=.759, ƞp2=.003].  

 

5.5.2. Exploratory behavioural data analysis – dual-task costs 

As a further exploratory analysis, dual-task costs were calculated for each participant in each 

condition. That is, the difference in the percentage of words correctly identified when 

participants completed the task seated (single-task condition, no postural manipulation) 

versus when they completed the task in either the Easy or Hard stance position (dual-task 

condition) were computed using the following formula: 

𝐷𝑢𝑎𝑙 𝑡𝑎𝑠𝑘 𝑐𝑜𝑠𝑡𝑠 =  
𝑑𝑢𝑎𝑙 𝑡𝑎𝑠𝑘% 𝐶𝑜𝑟𝑟𝑒𝑐𝑡 − 𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘% 𝐶𝑜𝑟𝑟𝑒𝑐𝑡

𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘%𝐶𝑜𝑟𝑟𝑒𝑐𝑡
 𝑥 100 

 

Negative dual-task cost values indicate a decrease in the percentage of words correctly 

identified, which means a weaker performance in dual-task conditions (i.e. better 

performance in single-task conditions, as would be expected). Positive values represent an 

increase in the percentage of words correctly identified in dual-task conditions (i.e. weaker 

performance in single-task conditions). One participant was removed from these analyses due 

to producing an anomalously low single-task performance. Dual-task costs produced in each 

condition of the speech perception task are displayed in Figure 4.  
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Figure 4. Dual-task costs calculated for percentage of words correctly identified by each participant in each 
Stance and Listening Condition experimental condition. Grey markers represent data of older adults, green 
markers represent data of younger adults.  

 

These dual-task costs were analysed using a 2 (Age: Younger vs Older) x 2 (Stance: Easy vs 

Hard) x 2 (Listening Condition: Clear vs Noisy) mixed ANCOVA. The ANCOVA revealed no 

significant main effect of Listening Condition [F(1, 31) = 2.91, p=.098, ƞp2=.086] and no 

significant interactions between Stance and Age [F(1, 31) = 0.40, p=.843, ƞp2=.001], Listening 

Condition and Age [F(1, 31)=3.67, p=.065, ƞp2=.106], and no three-way interaction between 

Age, Stance and Listening Condition [F(1, 31)=0.092, p=.764, ƞp2=.003].  
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However, the mixed ANCOVA on the dual-cost behavioural data revealed a significant 

main effect of Stance [F(1, 31)=8.94, p=.005, ƞp2=.224]. Participants exhibited greater dual-

task costs in the Hard stance condition (M=4.00, SE=0.57) than in the Easy stance condition 

(M=-0.45, SE=0.63; mean difference = 4.45, SE = 0.78, p<.001).  Participants exhibited negative 

dual-task costs in the Easy stance position, indicating that speech perception performance was 

weaker in the Easy stance position than in the seated position. However, with regards to the 

Hard stance position, dual-task costs were positive – interestingly, this suggests that 

participants produced a stronger speech perception performance in the difficult balance 

position compared to when seated.  

 The mixed ANCOVA also revealed a significant main effect of Age [F(1, 31)=8.78, 

p=.006, ƞp2=0.221]. Greater dual-task costs were exhibited by older adults (M=3.81, SE=0.89) 

than by younger adults (M=-0.27, SE=0.75; mean difference = 1.38, SE=1.38, p=.006). 

However, looking at the directions of these costs, it appears that younger adults produced a 

stronger performance in the single-task conditions than in the dual-task conditions, whereas 

older adults correctly identified more words in the dual-task conditions overall than in the 

single-task conditions.  

Finally, the mixed ANCOVA on dual-task costs revealed a significant interaction 

between Stance and Listening Condition [F(1, 31)=6.63, p=.015, ƞp2=0.176]. Post-hoc pairwise 

comparisons revealed that in the Easy stance condition, there was no significant difference in 

dual-task costs produced in clear (M=0.75, SE=0.36) or noisy listening conditions (M=-1.66, 

SE=1.31; mean difference = 2.40, SE=1.46, p=.110). However, in the Hard stance condition, 

greater dual task costs were exhibited in noisy listening conditions (M=6.66, SE=1.10) 

compared to clear listening conditions (M=1.33, SE=0.24; mean difference = 5.33, SE=1.13, 
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p<.001). Once again, it is important to note that in contrast to our hypotheses, performance 

in the Hard stance, noisy dual-task conditions was stronger than in the seated, noisy single-

task conditions.  

Post-hoc comparisons also revealed that in clear listening conditions, greater dual-task 

costs were exhibited in the Hard stance condition (M=1.33, SE=0.24) than in the Easy stance 

condition (M=0.75, SE=0.36; mean difference = 0.58, SE=0.28, p=.047). The means of these 

reflected that performance was stronger in clear dual-task conditions than in clear single-task 

conditions. In addition, in the noisy listening condition, greater dual-task costs were exhibited 

in the Hard stance condition (M=6.66, SE=1.10) than in the Easy stance conditions (M=-1.66, 

SE=1.31; mean difference = 8.32, SE=1.57, p<.001). This suggests that speech perception 

performance was worse in Easy stance, noisy conditions compared to seated, noisy conditions, 

whilst performance was better in Hard stance, noisy conditions than in seated, noisy 

conditions.  

 

5.5.3. EEG data analysis – fronto-central alpha power 

H3: Participants will display decreased fronto-central alpha power in difficult balance 

conditions compared to easy balance conditions.  

The difference from baseline in fronto-central alpha power was analysed using a 2 (Age: 

Younger vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening Condition: Clear vs Noisy) mixed 

ANCOVA. The ANCOVA revealed no significant main effects of Stance [F(1,32) = 2.61, p=.116, 

ƞp2=.074]. As a result, the data did not support hypothesis three predicting that participants 

will display decreased fronto-central alpha power in difficult balance conditions compared to 

easy balance conditions. For completeness, the rest of the model statistics are as follows. 



 

Chapter 5   171   

   

There was also no significant main effect of Age [F(1, 32) = 0.30, p=.586, ƞp2=.009], and no 

significant interactions between Listening Condition and Age [F(1,32) = 1.98, p=.169, 

ƞp2=.058], between Stance and Listening Condition [F(1, 32) = 0.52, p=.475, ƞp2=0.016], or in 

the three-way interaction between Age, Stance and Listening Condition [F(1, 32) = 0.01, 

p=.921, ƞp2=0.00]. However, the mixed ANCOVA did reveal a significant main effect of 

Listening Condition [F(1, 32) = 7.68, p=.009, ƞp2=0.19]. The decrease from baseline in fronto-

central alpha power was greater in clear listening condition (M=-0.44, SE = 0.10) than in the 

noisy listening condition (M=-0.27, SE=0.07; mean difference = 0.17, SE=0.06, p=.012); 

potential reasons for this are postulated in the Discussion section.  

 

H4: Older adults will produce larger decreases in fronto-central alpha power than younger 

adults in difficult balance conditions.   

The mixed ANOVA revealed no significant interactions between Stance and Age [F(1, 32) = 

0.0004, p=.985, ƞp2=.00]. This means that the data did not support hypothesis four predicting 

age-related differences in fronto-central alpha power as a result of manipulating balance 

demands.  

 

5.5.4. EEG data analysis – parieto-occipital alpha power 

H5: Participants will show increased parieto-occipital alpha power in noisy listening conditions 

compared to clear listening conditions. 

Difference from baseline in parieto-occipital alpha power was analysed using a 2 (Age: 

Younger vs Older) x 2 (Stance: Easy vs Hard) x 2 (Listening Condition: Clear vs Noisy) mixed 

ANCOVA. The mixed ANCOVA revealed no significant main effect of Listening Condition [F(1, 
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32)=0.001, p=.976, ƞp2=.00]. The data therefore do not support hypothesis five that parieto-

occipital alpha power would increase in challenging speech perception conditions. There were 

also no significant main effects of Stance [F(1, 32) = 4.00, p=.054, ƞp2=0.11] or Age 

[F(1,32)=0.005, p=.946, ƞp2=.00].  

 

H6: Older adults will display smaller increases in parieto-occipital alpha power during noisy 

listening conditions than younger adults 

There were no significant interactions between Age and Listening Condition [F(1, 32)=1.23, 

p=.276, ƞp2=0.04]. As a result, the data do not support hypothesis six predicting that older 

adults will display smaller increases in parieto-occipital alpha power during noisy listening 

conditions than younger adults. There were also no significant interactions between Age and 

Stance [F(1, 32)=0.07, p=.790, ƞp2=.002], between Stance and Listening Condition [F(1, 

32)=0.05, p=.825, ƞp2=.002], and no significant three-way interaction between Age, Stance 

and Listening Condition [F(1, 32)=0.09, p=.770, ƞp2=.003].  

 

5.5.5. Balance Assessments 

Exploratory analyses were conducted to ascertain the balance ability of the younger and older 

participants within the study. With regards to the sway velocity recorded in each of the dual-

task conditions, there was no significant main effect of Listening Condition [F(1,32)=0.36, 

p=.555, np2=0.01] and no significant main effect of Age [F(1,32)=0.42, p=.520, np2=0.01]. 

There were also no significant interactions between Stance and Listening Condition 

[F(1,32)=1.16, p=.289, np2=0.04], between Age and Listening Condition [F(1,32)=0.064, 
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p=.802, np2=.002), and no significant three way interaction between Age, Stance and Listening 

Condition [F(1,32)=.002, p=.962, np2=.00]. However, there was a significant main effect of 

Stance [F(1,32)=7.71, p=,009, np2=.19] – all participants displayed a greater sway velocity in 

hard balance conditions (M=48.60, SE=3.72) compared to easy balance conditions (M=31.50, 

SE=2.17; mean difference = 17.10, SE = 21.6, p<.001). Sway velocities for each participant, in 

each dual-task condition, are displayed in Figure 5.  

 

Figure 5. Mean sway velocity, in cm/s, of each participant in each of the dual-task conditions. Grey squares 
represent data of older adults, green circles represent data of younger adults.  

 

Participants also completed the Activities-Based Balance Confidence scale (ABC) and the 

Rapid Assessment of Physical Activity (RAPA) as a subjective measure of their physical status. 
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Independent t-tests revealed no significant differences in ABC scores [t(33)=-0.68, p=.502] – a 

similar balance confidence was reported by younger adults (M=94.70, SD=5.12) as by older 

adults (M=95.82, SD=4.55). However, there was a significant difference in total RAPA scores 

[t(33)=-2.70, p=.011] – interestingly, a higher total RAPA score (i.e. higher physical activity 

level) was reported by older adults (M=8.25, SD=1.81) compared to younger adults (M=6.05, 

SD=2.80; mean difference = 2.20, SE=0.81).  
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5.6. Discussion 

The aim of this study was to investigate whether age-related changes in oscillatory alpha 

power reflect the allocation of attentional resources during dual-task speech perception and 

balance maintenance. Behavioural data confirmed previous research indicating that, for all 

ages, speech perception is significantly more difficult in adverse listening conditions, 

underlining the challenges that are encountered in our noisy, dynamic everyday lives when 

we need to listen to and understand speech. Whilst fluctuations in parieto-occipital alpha 

power were non-significant, analysis of fronto-central alpha power alongside behavioural data 

suggest that younger and older adults' speech perception performance may, surprisingly, be 

preserved when cognitive load is high. That is, across age groups, standing in a hard balance 

position improved speech perception under noisy listening conditions, compared to the easy 

balance position. In addition, for older adults, speech perception performance was actually 

stronger in the dual-task conditions compared to single-task conditions. Taken together, these 

findings may reveal important insights into allocation of attentional resources during dual-task 

balance and speech perception, and could indicate that older adults may be more robust to 

age-related changes in attentional control than once thought.  

 

Younger and older adults displayed similar dual-task speech perception performances.  

Previous literature suggests that older adults experience increased difficulties with speech 

perception compared to younger adults (Tremblay et al., 2021; Helfer et al., 2017, Roberts & 

Allen, 2016), particularly in noisy listening conditions. This is, in part, due to deteriorations in 

sensory processing such as age-related hearing loss throughout the peripheral auditory 

system (e.g. degeneration of hair cells in the cochlea, atrophy of spiral ganglion cells; Slade et 
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al., 2020). In addition, older adults find it more difficult than younger adults to inhibit 

background noise (Hasher et al., 2007; Borghini et al., 2018; Gazzaley et al., 2005; Gazzaley et 

al., 2008; Fabiani et al., 2006) during audiovisual speech perception, processing more task-

irrelevant, distracting information which increases cognitive load and weakens the ability to 

perceive the speech signal. 

However, the non-significant main effect of Age in the dual-task behavioural analyses, 

and the fact that Age does not significantly interact with any other independent variable 

within this test, does not support previous research indicating that older adults experience 

difficulties with speech perception compared to younger adults. Given that age-related 

deficits in speech perception, particularly under high cognitive load, is such an established 

finding in the field, the non-significant finding may reflect a lack of power. Equal samples of 

younger and older adults, and more participants in total, may produce results in line with 

previous research indicating that older adults experience increased difficulties in perceiving 

speech in adverse or cognitively-demanding listening conditions.  

However, a key consideration with regards to the current sample is the individual 

differences between older adults that may improve their top-down ability to flexibly allocate 

attentional resources. That is, in line with the "cognitive reserve" theory of ageing (Stern et 

al., 2020), external factors in the lives of each older participant may allow them to compensate 

for age-related declines in attentional control during audiovisual integration. These external 

factors, such as educational, social, cognitive and physical activities, accumulate "cognitive 

reserve" in older adults (Stern et al., 2020; Oosterhuis et al., 2023), which increases cognitive 

flexibility by facilitating the use of cognitive strategies, strengthening existing brain networks 

or recruiting different brain regions altogether (Oosterhuis et al., 2023). With regards to 
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audiovisual speech perception in adverse listening conditions, older adults with high cognitive 

reserve may be able to compensate for deficits in inhibiting background noise or age-related 

hearing loss by using a different strategy, such as allocating more attentional resources to 

visual inputs, for example (Rosemann & Thiel, 2018; Puschmann et al., 2014; Puschmann & 

Thiel, 2017; Pepper & Nuttall, 2023). In addition, individuals with high cognitive reserve may 

be more effective in dividing attentional resources between two concurrent multisensory 

tasks. Taken together, it is important to consider the cognitive reserve levels of the sample 

when studying the potential impact of age-related changes in attentional control on speech 

perception and balance maintenance.  

The sample of older adults used in the current study were likely to have high cognitive 

reserve. For example, many of the older participants were recruited from the Centre for 

Ageing Research Panel at Lancaster University and from University of the Third Age, two 

groups of older adults who remain engaged in education and are motivated to learn more 

about the ageing process. In addition, questionnaire data indicated that older adults were 

more physically active than the younger adults in this study. As such, despite the fact that this 

study did not involve calculating a composite cognitive reserve "score", it is fair to suggest that 

the increased educational involvement and increased physical activity levels of our older 

participants may result in them having higher cognitive reserve compared to older adults who 

are more cognitively and physically frail. Having high cognitive reserve could explain how 

these older adults were able to flexibly allocate attentional resources between speech 

perception and balance maintenance, producing a similar performance to younger adults. It 

is important that future studies a) implement measures of cognitive reserve to build a 

comprehensive account of the cognitive abilities of their older adult sample, and b) increase 
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the diversity of older adults recruited to participate in neuroscientific research, to produce 

results that may be more representative of the attentional abilities of the entire population.  

 

Speech perception performance was stronger in difficult balance positions during noisy 

listening conditions.  

We hypothesised that a significant interaction would exist between Stance and Listening 

Condition, in that differences in dual-task speech perception performance would only be 

evident during noisy listening conditions due to high cognitive load. Whilst this significant 

interaction did exist in the current data, the pattern of results was opposite to our 

expectations. As predicted, in clear listening conditions, speech perception performance was 

similar across Easy and Hard stance conditions. However, in noisy listening conditions, 

participants correctly identified a greater percentage of words in the Hard stance position than 

in the Easy stance position. This suggests that in a complex acoustic environment like that 

experienced in the noisy listening conditions, a challenging balance task may improve 

performance in the simultaneous speech perception task. 

Whilst this finding may seem counterintuitive, similar theories have been discussed in 

previous literature usually in the context of postural control, and have been attributed to an 

important attentional mechanism known as "anchoring" (Deviterne et al., 2005). That is, more 

complex acoustic conditions have actually been found to reduce postural sway during easy 

and hard balance conditions (Helfer et al., 2020; Gandemer et al., 2017; Ross et al., 2016; 

Deviterne et al., 2005), with sound serving as an "anchor" or orienting signal to enhance 

balance (Heifer et al., 2020). If this is the case in the current study, and the complex, noisy 

listening condition was relied upon as an anchor to maintain balance in the Hard stance 
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position, perhaps this had a knock-on effect on speech perception performance – allocating 

more attentional resources to the audiovisual information in the noisy listening conditions 

may have simultaneously stabilised balance and improved speech perception performance. 

This is supported by the fact that there was no significant main effect of Listening Condition 

on sway velocity – balance was not negatively affected by the adverse listening conditions, 

which may indicate that the complex auditory information in the noisy listening condition 

actually facilitated balance maintenance to the extent that sway was equivalent across clear 

and noisy listening conditions.  

As well as providing interesting insights into how speech perception may be preserved 

in dual-task conditions, these findings could also have important implications for treatments 

and therapies to improve balance in older adults who may be at increased risk of falls. For 

example, many cognitive therapies focus on teaching older adults to attend to relevant 

information and inhibit task-irrelevant information to reduce distractibility during balance 

(van het Reve & de Bruin, 2014; Smith-Ray et al., 2015). Instead, perhaps balance could be 

strengthened through dual-task training (Halvarsson et al., 2015), teaching older adults how 

to efficiently allocate attentional resources and to effectively utilise external, seemingly task-

irrelevant sensory information as anchor points in their environment, improving orientation 

and reducing fall risk.  

 

Younger and older adults exhibited differing patterns of dual-task costs in speech perception 

performance.  

The exploratory analysis on the dual-task cost data revealed an interesting difference between 

younger and older adults in single-task speech perception performance compared to dual-
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task speech perception performance. Younger adults produced a pattern of results that would 

be expected: more words were correctly identified in the single-task seated condition – in 

which there was no postural manipulation so attention could be focussed on audiovisual 

integration for speech perception – compared to the dual-task condition. However, for older 

adults, a stronger performance was produced in the dual-task conditions compared to the 

single-task conditions, even though attentional resources were being competed for; in theory, 

dual-task attentional demands should have had a detrimental effect on both speech 

perception and balance ability in older adults (Helfer et al., 2020; Ruffieux et al., 2015; Lajoie 

et al., 2005).  

A potential reason for this could be the motivation displayed by older adults compared 

to younger adults throughout the task. Indeed, recent discussions from Ryan & Campbell 

(2021) highlighted that older adults are often extremely motivated for the duration of 

neurocognitive experiments, enthusiastic about measuring or improving their cognitive 

health, contributing to science, and exhibiting more curiosity about the experiment compared 

to younger adults (Ryan & Campbell, 2021; Frank et al., 2015). Further theories posit that 

highly motivated older adults may engage more cognitive resources during a difficult task to 

avoid confirming preconceived negative stereotypes surrounding ageing, challenging such 

stereotypes by producing a strong perceptual performance (Todd Maddox & Markman, 2010; 

Hess et al., 2019). Older adults therefore may have acknowledged how much more cognitively 

challenging the postural manipulation made the task compared to seated conditions, and 

allocated increased attentional resources to the audiovisual video clip to preserve speech 

perception performance in light of this. This is facilitated by the fact that the older adults in 

this study were very fit and able (as indicated by their RAPA scores; see below), so were 

feasibly able to reallocate attentional resources to speech perception in this way without 
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compromising their balance performance. In contrast, younger adults may feel less inclined 

to "prove" their balance and speech perception abilities (Ryan & Campbell, 2021) and 

therefore exhibit a lower baseline motivation, demonstrating greater dual-task costs. Future 

research should acknowledge the different motivations that younger and older adults may 

have for participating in neurocognitive research and consider how this may impact 

performance in any cognitively-demanding task.  

 

Fronto-central alpha power was similar across stance positions and age groups, but there 

was a significant difference between listening conditions. 

In contrast to our hypotheses, there were no significant differences in fronto-central alpha 

power between Easy and Hard stance conditions, or across age groups. Previous literature has 

found decreases in fronto-central alpha power under challenging balance conditions (Kahya 

et al., 2022; Hulsdunker et al., 2015; Del Percio et al., 2009; Slobounov et al., 2009; Beurskens 

et al., 2016), particularly in older adults (Edwards et al., 2018) – this is indicative of increased 

involvement of cortical motor regions for balance in healthy ageing, due to age-related 

neurodegeneration of subcortical balance centres (Ozdemir et al., 2016). In the current study, 

the fact that there was no significant main effect of Age or Stance on fronto-central alpha 

power may reflect the high physical activity levels of the participants in this study. Indeed, the 

older adult sample actually produced a significantly higher RAPA score than the younger adults 

in the sample, highlighting the older adults' strong cardiorespiratory and strength-based 

physical ability. Younger and older adults also exhibited equal balance confidence, as 

measured by the ABC scale. If these older adults are fit, healthy, and confident in their balance, 

dual-task balance maintenance may still be a relatively automatic process for them like it is 
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for younger adults, requiring fewer cognitive-motor or attentional resources compared to 

older adults who may be more cognitively and physically frail (Edwards et al., 2018; Shaw, et 

al., 2018; Kahya et al., 2022). As a result, balance maintenance may not be reflected in fronto-

central alpha activity as the older adults in the current sample do not need to recruit an 

increased amount of cortical resources to postural control. However, this does not explain why 

there was no significant main effect of Stance in the current data; perhaps future research, 

implementing an even more challenging balance manipulation (e.g. proprioceptive 

perturbation through standing on foam; Anson et al., 2019) with less active participant groups, 

may uncover how the allocation of attentional resources towards balance maintenance is 

reflected in fronto-central alpha power.  

 Despite the fact that there was no significant main effect of Stance on fronto-central 

alpha power, there was a significant main effect of Listening Condition – all participants 

showed greater decreases from baseline in clear listening conditions compared to noisy 

listening conditions. Whilst there were originally no hypotheses surrounding this, it could be 

a further indication of the "anchoring" effect of complex auditory information, discussed 

earlier (Helfer et al., 2020; Ross et al., 2016; Easton et al., 1998). That is, if the complex, noisy 

listening environment stabilised balance through acting as an orienting point (i.e. rendering 

the Hard stance condition less challenging), cortical motor regions may not be as essential for 

balance maintenance. In contrast, if the speech perception task is less "anchoring" due to the 

simpler auditory stimuli in the clear conditions, more cortical resources are required to 

maintain balance, which may be reflected in greater decreases in fronto-central alpha power 

compared to noisy condition.  
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Parieto-occipital alpha activity did not differ between clear and noisy listening conditions.  

In contrast to our hypotheses, manipulating the cognitive load of participants by adding 

challenging background noise to the speech perception task was not reflected by increases in 

parieto-occipital alpha power. These data do not support the findings of previous literature, 

which indicates that in order to inhibit distracting background noise, parieto-occipital alpha 

power increases during audiovisual integration to prevent the task-irrelevant noise being 

incorporated into the percept. In this study, it is likely that the non-significant difference 

between clear and noisy listening conditions may be due to the small sample size at present. 

Indeed, it is well-established that parietal brain regions, in particular, exhibit increased alpha 

power when task-irrelevant auditory information is difficult to ignore (Wostmann et al., 2017). 

Perhaps in the current study, despite the high signal-to-noise ratio rendering the task 

acoustically challenging, the background noise being semantically different to the target 

sentences made it slightly easier to inhibit (Diaz et al., 2019; Murphy et al., 2018). That is, the 

4-talker random background sentences that participants had to ignore (e.g. "squirrels live in 

trees", "tomato soup is a liquid") had different phonetic and semantic properties to the target 

sentences that participants were focusing on attending to (e.g. "place blue at C2 soon"). Due 

to these differences between both stimuli, participants may have experienced less 

informational masking and may have therefore found it easier to segregate the auditory 

streams and ignore the background noise (Schneider & Daneman, 2007; Ben-David et al., 

2012). This could be a potential reason behind the non-significant increases in parieto-

occipital alpha power. Future research paradigms may benefit from implementing task-

irrelevant sentences that are both structurally different and structurally similar to the target 

speech (Diaz et al., 2019; Murphy et al., 2018), to compare the impact that easy-to-ignore and 
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difficult-to-ignore irrelevant speech has on parieto-occipital alpha power, and how this 

changes with healthy ageing. 

 

5.7. Conclusion 

To conclude, the ability to allocate attentional resources between two co-occurring tasks is 

key for successful performance in speech perception and balance maintenance during our 

dynamic, multisensory everyday lives. Whilst previous research suggests that older adults may 

produce weaker performances in these dual-task scenarios due to increased cognitive load, 

the current study did not find such age-related changes. This potentially highlights the high 

cognitive and physical abilities of the older adult sample and emphasises the impact that 

individual differences in cognitive flexibility may have on attentional allocation across the 

lifespan. Investigating age-related changes in fronto-central and parieto-occipital alpha power 

remains a promising way to determine the neural correlates of attentional control for balance 

maintenance and audiovisual speech perception, with larger and more diverse participant 

samples likely to reveal significant differences between groups. Nevertheless, from these 

preliminary data, we have observed that the attentional abilities of older adults may be more 

robust than anticipated, utilising the complex sensory information available to them in their 

environment to serve as an anchor point for balance, which in turn may improve perceptual 

performance in tasks like speech perception. 
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6. Entraining Alpha Oscillations to Facilitate Auditory 

Working Memory: A TMS-EEG Study 
 

6.1. Linking Statement 

Earlier chapters in this thesis have investigated oscillatory alpha activity with regards to 

attention and inhibition during audiovisual integration. Instead, Chapter 6 focuses on parietal 

and auditory alpha power during unisensory auditory processing, in which target speech must 

be attended to and distracting speech must be inhibited. Previous research suggests that 

auditory alpha activity may be associated with facilitating attention to target speech, whilst 

parietal alpha activity may be associated with the inhibition of background noise (Wostmann 

et al., 2017; Dimitrijevic et al., 2017; Obleser et al., 2012). If older adults experience declines 

in auditory working memory, exhibiting increased difficulty with perceiving speech amongst 

background noise, perhaps modulating alpha activity through non-invasive brain stimulation 

could improve older adults' speech perception. To this end, 32 younger and 32 older adults 

completed the irrelevant speech paradigm (Wostmann et al., 2017) with task-irrelevant 

speech that was either easy to ignore or difficult to ignore. Throughout the task, parietal and 

auditory brain regions were stimulated using TMS set at each participant's individual alpha 

frequency. The aim of this study was to investigate whether entraining alpha oscillations in 

these brain regions can impact younger and older adults' ability to inhibit irrelevant auditory 

information and attend to target speech.   

Author note: The study hypotheses, design and statistical analyses were pre-registered online 

on the Open Science Framework: https://osf.io/npy9a. This manuscript was prepared in 

https://osf.io/npy9a
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collaboration with Dr Kate Slade, Dr Elise Oosterhuis, Dr Bjorn Herrmann, Dr Ingrid Johnsrude, 

and Dr Helen Nuttall.  
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6.2. Abstract 

Age-related declines in top-down mechanisms like auditory working memory and attentional 

control can have a significant impact on an older adult's ability to perceive speech. These 

declines may be reflected in oscillatory alpha-band activity, associated with attending to 

relevant speech and inhibiting distracting speech.  As such, enhancing alpha activity via 

transcranial magnetic stimulation (TMS) may improve an older adult's ability to attend to 

relevant speech signals and inhibit background speech. This study aimed to determine if TMS 

delivered at an individual alpha frequency (alpha-TMS) benefits auditory working memory, 

and how this may be affected by age.  

Thirty-two younger adults (18-35 years old) and thirty-two older adults (60-80 years 

old) were asked to attend to and remember a sequence of spoken digits, whilst inhibiting an 

irrelevant sentence which was either easy to ignore or difficult to ignore. Before the to-be-

ignored sentences, participants received alpha-TMS to the vertex, parietal cortex and auditory 

cortex. The proportion of digits recalled in the correct order, as well as parietal and auditory 

alpha power during the attending and maintenance of the digits, were compared across 

conditions and age groups.  

Behavioural findings supported previous research suggesting that distracting speech 

that is high in acoustic detail has a negative impact on the ability to attend to and retain target 

speech. However, there were no significant differences in auditory working memory 

performance between younger and older adults, potentially indicative of the strategies relied 

upon by older adults to compensate for age-related declines in auditory processing. Crucially, 

from analysing alpha power, it was found that alpha-TMS can successfully entrain parietal and 

auditory alpha oscillators. The potential benefits of implementing alpha-TMS in future 
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research are discussed, as well as the impact this may have on establishing brain-behaviour 

links between age-related changes in alpha power and auditory working memory.  

 

 

Word count: 297 

Key words: alpha, entrainment, auditory, inhibition, attention, working memory, ageing 
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6.3. Introduction 

6.3.1. Age-related changes in speech perception 

The ability to perceive speech in conversational environments is dependent on both bottom-

up and top-down mechanisms. From a bottom-up perspective, we process the auditory signals 

through the transduction of sound through the auditory pathway, from the ear to the brain; 

this acoustic signal is then translated in the temporal lobe within the ventral stream of speech 

processing (Hickok & Poeppel, 2007; Rauschecker & Scott, 2009). According to neurobiological 

models of speech perception, primary auditory cortex is responsible for decoding the acoustic 

features of speech, whilst higher-order temporal areas such as the superior temporal gyri are 

key for processing the intelligibility of speech (Davis & Johnsrude, 2003; Nuttall et al., 2016). 

Crucially, from a top-down perspective, this influx of auditory information must be modulated; 

as such, complex cognitive mechanisms like  auditory working memory and attentional control 

are relied upon to select and retain auditory inputs that are task-relevant and to inhibit the 

processing of task-irrelevant background speech  (Millman & Mattys, 2017; Jumar et al., 2016; 

Serences & Kastner, 2014; Pichora-Fuller et al., 2017; Meister et al., 2013). 

 For example, when talking to a friend in a noisy restaurant, we need to attend to the 

words that they are speaking, hold this information in memory, and suppress any distracting, 

irrelevant noise from background speakers, reverberations, or external factors like traffic 

noise. Auditory working memory describes how short-term memory is used whilst under 

cognitive load, responsible for the temporary storage and manipulation of auditory 

information for use in cognitive tasks (Draheim et al., 2022; Baddeley, 2000; Kaiser et al., 2015; 

Cowan et al., 1998). For example, in speech perception, words must be held in auditory 

working memory until their meaning can be interpreted in the context of the rest of the 
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sentence (Cowan et al., 1998). Given that this memory system has a limited capacity, strong 

attentional mechanisms are required to regulate which auditory inputs are attended to and 

maintained, and which inputs are suppressed (Draheim et al., 2022). Attentional control is 

defined as the maintenance of task-relevant information and the filtering or suppression of 

task-irrelevant information (Draheim et al., 2022). Within the context of speech perception, 

auditory working memory and attentional control are therefore inherently linked, 

coordinating to modulate the top-down processing of auditory information during speech 

perception (Wostmann et al., 2015; Awh et al., 2006).  

It has been well-established in previous research that older adults experience 

increased difficulty in perceiving speech in adverse listening environments (Tremblay et al., 

2021; Pichora-Fuller et al., 2017; Getzmann et al., 2016). Not only is this a consequence of the 

deterioration of peripheral sensory function that comes with healthy ageing (Liberman & 

Kujawa, 2017; Peelle et al., 2011; Anderson et al., 2013), but is also due to difficulties in the 

ability to attend to and retain relevant target speech, and inhibit irrelevant, distracting 

background noise (Pepper & Nuttall, 2023; Wostmann et al., 2017; Gazzaley et al., 2005). 

Indeed, the ageing process results in declines in auditory processing in older adults even 

without hearing loss, and in situations where there is no background noise (Grose & Mamo, 

2010; Harris et al., 2012; Anderson et al., 2013), highlighting the importance of higher-level 

cognitive functions such as auditory working memory and inhibition in deciphering the speech 

signal. Age-related difficulties in perceiving speech can have a significant impact on an older 

adult's quality of life, with many feeling reluctant to visit noisy environments and withdrawing 

from social situations, leading to loneliness and depression (Lawrence et al., 2020; Cosh et al., 

2019). Given our increasingly ageing population, and the fact that both auditory working 

memory and attentional control are susceptible to declines with healthy ageing, it is key that 
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we understand how the age-related changes in these top-down mechanisms impact speech 

perception across the lifespan.  

 

6.3.2. Oscillatory alpha activity in speech perception 

Evidence suggests that the top-down mechanisms involved in perceiving speech may be 

reflected in neural oscillations in the alpha-band frequency (8-12Hz; Wostmann et al., 2015; 

Wostmann et al., 2017). Despite previously being referred to as "idling" rhythms associated 

with resting brain states, evidence suggests that alpha activity can reflect attentional control 

and inhibitory mechanisms (Lange et al., 2014; Kelly et al., 2006; Pepper & Nuttall, 2023). 

Crucially, an inverse relationship exists between alpha power and brain activity – lower alpha 

power is associated with greater neural activation in a certain brain region (i.e. lower 

inhibition), and higher alpha power is associated with lesser neural activation (i.e. higher 

inhibition; Shaw et al., 2018). Analysing patterns in alpha activity may therefore provide key 

insights into the neural mechanisms of attention and inhibition during speech perception.  

Alpha-band activity has been studied in relation to speech perception in challenging 

listening environments. The predominant view is that increases in alpha activity reflect 

increased inhibition, with alpha synchronisation being observed in speech-in-noise perception 

and during effortful listening when background noise is distracting and must be suppressed 

(McMahon et al., 2016; Dimitrijevic et al., 2019). This increased inhibition of task-irrelevant 

auditory information should therefore increase the availability of attentional resources for the 

processing of target speech (Jensen & Mazaheri, 2010). However, alternative theories posit 

that, instead of reflecting inhibitory control, decreases in alpha activity instead may directly 

facilitate attention towards target speech (Seifi Ala et al., 2020). This is supported by research 
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finding that in difficult listening conditions, alpha power decreased when target speech had 

to be attended to and retained in memory (Seifi Ala et al., 2020; Dimitrijevic et al., 2017). As 

such, there is active debate within the field with regards to the exact functional role of alpha 

activity during attentive listening, and where such activity originates from. That is, if alpha is 

key for inhibiting task-irrelevant sensory information, it is likely to be driven by domain-

general (i.e. non-auditory) brain regions involved in attentional networks (Wostmann et al., 

2017). However, if the main functional role of alpha is to facilitate the processing of target 

speech, then perhaps it may be driven by domain-specific (i.e. auditory) brain regions within 

the temporal cortex (Dimitrijevic et al., 2017).  

Alpha power in non-auditory brain regions may reflect the higher-level cognitive 

processes involved in speech perception, such as auditory working memory and inhibition; 

much of the research in this area has focussed on alpha oscillators in the parietal cortex 

(Dimitrijevic et al., 2017; Wostmann et al., 2017). For example, after implementing an 

irrelevant-speech paradigm with younger adults, Wostmann et al. (2017) found that highly 

distracting background speech (i.e. irrelevant speech high in acoustic detail) evoked larger 

increases in alpha power in domain-general parietal regions, compared to less distracting 

background speech that is easier to inhibit. This indicates that the greater the effort required 

to suppress distracting information, the greater the parietal alpha power (Wostmann et al., 

2017; Wostmann et al., 2015; Obleser et al., 2012; Wisniewski et al., 2017; Peterson et al., 

2015). In addition, Dimitrijevic et al. (2017) found increased alpha power across central and 

parietal regions in younger adults during a speech-in-noise task, in which distracting 

background noise had to be suppressed. Taken together, there is strong evidence to suggest 

that increases in parietal alpha power reflect the increased ability to inhibit distracting sensory 

information.  
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Whereas increases in parietal alpha power are believed to reflect inhibition of 

distracting information, decreases in alpha power in domain-specific, auditory brain regions 

may represent neural activation to facilitate attention towards target speech. Indeed, 

Dimitrijevic et al. (2017) found that in temporal regions associated with auditory cortex, 

participants showed a significant relationship between decreased alpha power and improved 

speech perception performance. However, research into the patterns of auditory alpha 

activity appears to be mixed, in that Obleser et al. (2012) and Van Dijk et al. (2010) found that 

auditory alpha power, instead, increased during challenging auditory tasks and memory tasks. 

As such, further research is required to determine how increases or decreases in alpha power 

in parietal and auditory brain regions can impact speech perception in challenging listening 

conditions.  

 

6.3.3. Age-related changes in oscillatory alpha activity 

It is also important to note that much of the research in this field is based on younger adult 

participants – given the age-related declines in the top-down mechanisms involved in speech 

perception (Pepper & Nuttall, 2023; Getzmann et al., 2017; Getzmann et al., 2016), it is crucial 

to investigate how alpha power may change as a function of healthy ageing. From the limited 

research that does exist, the main differences between younger and older adults appear to be 

related to parietal alpha power – specifically, Wostmann et al. (2015) found that older adults 

demonstrated reduced parietal alpha power compared to younger adults during speech-in-

noise perception. If greater increases in parietal alpha power reflects strong inhibition, then 

the reduced alpha power exhibited by older adults could be an underlying cause of their 

weaker inhibitory abilities (Henry et al., 2017; Wostmann et al., 2015; Sander et al., 2012). In 
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other words, perhaps parietal alpha oscillators are less effective for inhibition in older adults 

compared to younger adults. 

Further theories surrounding the age-related changes in oscillatory alpha activity 

suggest that perhaps younger and older adults use different strategies to perceive speech. For 

example, Herrmann et al. (2022) posited that whilst parietal alpha dominates in younger 

adults, auditory alpha may dominate in older adults. That is, if parietal alpha oscillators are 

less involved in the listening process for older adults, perhaps a compensatory strategy is 

employed which sees an increased engagement of auditory alpha oscillators, to preserve 

auditory working memory performance by facilitating attention to target speech (Hermann et 

al., 2022). Taken together, it is clear that further research is required to unpick the dynamic 

interplay between alpha power in different brain regions and how it associates with age-

related changes in speech perception performance.  

Regardless of whether alpha activity during listening is driven by domain-specific or 

domain-general brain regions, enhancing alpha activity via neuromodulation may serve as a 

promising intervention to improve the speech perception abilities of older adults. Specifically, 

the role of alpha activity in auditory working memory and inhibition, and how this changes as 

a function of healthy ageing, can be investigated using transcranial magnetic stimulation 

(TMS) and electroencephalography (EEG) in conjunction. By measuring each participant's 

individual alpha frequency (IAF; the frequency at which alpha power is at its maximal) and 

stimulating the parietal cortex and auditory cortex at this frequency, it may be possible to 

entrain alpha oscillators in each brain region (Thut et al., 2011; Zaehle et al., 2010). Indeed, 

previous research has suggested that TMS set at a participant's IAF (herein referred to as 

alpha-TMS) can be used to reproduce an entrainment signature. Thut et al. (2011) described 
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this kind of entrainment as the induction of a neural signature with a topography and 

frequency that replicates the naturally-occurring oscillation, which is enhanced throughout 

the TMS train of pulses. This entrainment drives existing, endogenous brain oscillations, rather 

than generating new artificial rhythms. If alpha-TMS can reproduce natural alpha oscillations 

to enhance alpha activity, this could be a key mechanism by which alpha-TMS can functionally 

modulate perceptual performance (Thut et al., 2011).  

TMS-EEG combinations can therefore be highly useful to draw causal links between 

entraining parietal and auditory alpha oscillators and measuring the impact that such 

stimulation has on behavioural performance in a speech perception task. That is, if reduced 

parietal alpha power is the underlying reason behind the difficulties that older adults may 

have with inhibiting distracting background noise, then using alpha-TMS to enhance parietal 

alpha activity during listening may improve an older adult's inhibitory abilities during speech 

perception (see Zoefel & Davis, 2017, for similar discussions surrounding the utility of non-

invasive brain stimulation). Likewise, entraining alpha oscillators in auditory regions could 

answer whether increases (Obleser et al., 2012; Van Dijk et al., 2010) in auditory alpha power 

impacts the facilitation of attention to target speech. Taken together, TMS-EEG combinations 

can be used to investigate a) mechanisms by which non-invasive brain stimulation works to 

modulate neural oscillations in different frequency bands and b) the functional role of alpha 

activity in everyday tasks like speech perception.  

 

6.3.4. Cross-frequency coupling – alpha-gamma oscillations 

It may also be important to consider how neural oscillations from different frequency bands 

work together to facilitate quick and accurate speech perception – specifically, whether 
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oscillations in the gamma-band frequency (>30Hz) are modulated by alpha activity (Glim et 

al., 2019; Roux et al., 2013; Canolty & Knight, 2010) during listening. Previous research 

suggests that oscillations in the gamma-band are associated with the bottom-up processing 

of sensory information (Keil & Senkowski, 2018). Indeed, lower gamma-band power 

(approximately 30Hz-48Hz) is associated with decoding the temporal fine structure of the 

speech signal, rendering it a key neural oscillation in bottom-up auditory processing (Rufener 

et al., 2016). Previous research suggests that auditory stimuli evoke a gamma response at 

approximately 40Hz, associated with central processes involved in extracting the meaning of 

sound, like perceptual organisation of an auditory stream (Noda et al., 2013; Ross & Fujioka, 

2016), and neural timing (Nikolic et al., 2013; Buzsaki & Wang, 2012). Such perceptual 

organisation is inherently linked to auditory working memory and inhibition – the ability to 

retain and recall target speech is dependent upon its perceived structure (Noyce et al., 2024). 

Whilst interactions between alpha and gamma have been heavily researched within the visual 

domain (Jensen et al., 2014; Tzvi et al., 2018, Van Kerkoerle et al., 2014; Daume et al., 2017), 

there is less evidence available as to the impact of such interactions in the auditory domain. 

Furthering our understanding of alpha-gamma interactions in audition will shed light on how 

oscillations from different frequency bands may coordinate to facilitate the processing of 

target speech and inhibit distracting background speech, and how such coupling may change 

with healthy ageing.   

If parietal alpha oscillations are associated with inhibition, then it would be reasonable 

to suggest that increases in parietal alpha power will result in decreases in parietal gamma 

power, reducing the processing of the bottom-up auditory signal. Likewise, if auditory alpha 

oscillations are associated with attention to target speech, then perhaps reduced alpha power 

may correlate with increased gamma activity, facilitating the processing of the bottom-up 
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auditory signal. In other words, the interplay between bottom-up and top-down mechanisms 

in speech perception could be investigated through analysing alpha-gamma power-power 

interactions (Menceloglu et al., 2020). This interplay may be key for modulating which sensory 

inputs are suppressed or processed further, and how this may change with healthy ageing. If, 

through neuromodulation, alpha-gamma interactions can be enhanced in older adults 

(Reinhart & Nguyen, 2019), perhaps this could be an effective way to strengthen the top-down 

speech perception of our ageing population, facilitating auditory working memory to 

modulate bottom-up sensory processing when target speech needs to be attended to and 

background speech needs to be inhibited.   

 

The current study aimed to investigate whether entraining parietal and auditory alpha 

oscillations in younger and older adults can facilitate auditory working memory. Younger and 

older adults completed an auditory working memory task (Wostmann et al., 2017), in which 

the task-irrelevant speech was either low distractibility (easy to ignore) or high distractibility 

(difficult to ignore). Participants completed these tasks whilst receiving repetitive TMS (rTMS) 

set at their individual alpha frequency. This alpha-TMS was administered to the auditory 

cortex, the parietal cortex and the vertex (as a control site), to investigate how entraining 

alpha oscillators in auditory and parietal regions can impact auditory working memory and 

attentional control during speech perception. 

Behavioural responses from the task reflected participants' ability to attend to, 

maintain and recall target auditory information, and the ability to inhibit distracting 

background speech. Neural responses reflected alpha power in auditory and parietal cortices 

during the attendance and maintenance of target speech and inhibition of irrelevant 
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background noise. In addition, alpha-gamma cross-frequency coupling in younger and older 

adults during speech perception was analysed, to explore the impact of entraining alpha 

oscillators on the relationship between alpha power and gamma power in parietal and 

auditory regions, and how this may change with healthy ageing. The hypotheses for the study 

were as follows: 

Behavioural hypotheses: 

1. If alpha entrainment supports wider auditory working memory processes, such as 

target facilitation and maintenance, performance will be similarly enhanced in both 

distractibility conditions after alpha-TMS, compared to distractibility conditions after 

vertex alpha-TMS.  

2. If alpha entrainment supports inhibition of irrelevant information, performance will 

be enhanced in the most distracting task condition compared to the least distracting 

condition after alpha-TMS. 

3. If alpha entrainment supports different functional roles depending on age, there will 

be an interaction between age group, task condition, and alpha-TMS condition. 

4. If domain-general parietal alpha oscillators moderate task performance, then 

performance will be maximally enhanced in the parietal alpha-TMS condition, relative 

to the auditory and the vertex alpha-TMS conditions. 

5. If domain-specific auditory alpha oscillators moderate task performance, then 

performance will be maximally enhanced in the auditory alpha-TMS condition, relative 

to the parietal and the vertex alpha-TMS conditions. 

6. If the dominant oscillator during task performance changes with age, there will be 

interaction between age group and alpha-TMS condition. 
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Neural hypotheses: 

1. If alpha-TMS can entrain alpha oscillators in parietal brain regions, parietal alpha 

power will be higher after alpha-TMS to parietal regions compared to alpha-TMS to 

the vertex. 

2. If alpha-TMS can entrain alpha oscillators in auditory brain regions, auditory alpha 

power will be higher after alpha-TMS to auditory regions compared to alpha-TMS to 

the vertex. 

3. Exploratory neural hypothesis: If alpha-TMS can entrain alpha oscillators in parietal 

and auditory brain regions, this will result in reduced gamma power in both brain 

regions. 

4. Exploratory neural hypothesis: If older adults experience difficulties with auditory 

working memory, older adults will exhibit weaker alpha-gamma coupling compared 

to younger adults.  

This experiment was pre-registered prior to data collection on Open Science Framework: 

https://osf.io/npy9a 

 

 

 

 

 

 

 

 

https://osf.io/npy9a
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6.4. Methods 

6.4.1. Participants 

This study included a total of 64 participants; 32 younger adults (15 males, 15 females, 2 non-

binary) between 18-30 years old (MAge = 20.78, SD = 2.59) and 32 older adults (13 males, 19 

females) between 60-80 years old (MAge = 68.38, SD = 5.01). Sample size was determined via 

an a-priori power analysis using the wp.kanova package in R studio (see pre-registration on 

Open Science Framework: https://osf.io/npy9a. The wp.kanova package was implemented as 

recommended for ANOVA analyses (Zhang et al., 2018), using the large effect sizes that have 

been found in previous related literature (Wostmann et al., 2017), a Cohen's f value of 0.4, an 

alpha significance level of 0.05, and a power of 80%. This yielded a minimum sample size of 

64, in order to detect interaction effects between TMS location, Distractibility condition and 

age.  

Participants were eligible for the study if they were right-handed, monolingual English 

speakers with normal or corrected-to-normal vision, screened for via self-report. Participants 

were ineligible to proceed with the experiment if they had a history or current diagnosis of 

language disorders (e.g. dyslexia), neurological conditions (e.g. epilepsy, mild cognitive 

impairment, Parkinson's disease) or psychiatric disorders (e.g. depression, schizophrenia, 

bipolar disorder). Participants were also ineligible to participate in the experiment if they had 

any non-removable in their body close to their head (e.g. cochlear implant, cardiac 

pacemaker).  

Participants were recruited via opportunity sampling; younger participants were 

students at Lancaster University, whilst older participants were recruited via the Centre for 

Ageing Research at Lancaster University and local community groups such as University of the 

https://osf.io/npy9a


 

Chapter 6   209   

   

Third age, or through word of mouth. All participants provided informed consent. Participants 

presented no TMS contraindications on the day of the testing session as assessed by the 

Lancaster University TMS safety screening form (based on guidelines from Rossi et al., 2009). 

 

6.4.2. Pre-screening 

Informant Questionnaire on Cognitive Decline in the Elderly (IQ-CODE; Jorm, 2004; Appendix 

B) 

In order to screen for mild cognitive impairment, older adult participants completed a self-

report version of the Informant Questionnaire on Cognitive Decline in the Elderly (IQ-CODE; 

Jorm, 2004; Appendix A) to rate how their current performance in certain everyday tasks has 

changed compared to 10 years ago, answering on a 5-point Likert scale (1="Much improved", 

5="Much worse"). An average score of 3.65 was used as a cut-off point to evaluate mild 

cognitive impairment and dementia (Jansen et al., 2008), therefore people whose average 

score was higher than 3.65 were not eligible to participate in the experiment. This was to 

ensure that any differences in auditory working memory measured in the task were not due 

to the participant experiencing mild cognitive impairment. The mean IQ-CODE score of older 

adults in this study was 3.13 (SD=0.18).  

 

Pure-Tone Audiometry Assessment (British Society of Audiology, 2018) 

Pure-tone audiometric (PTA) hearing thresholds were established using a diagnostic 

audiometer (Amplivox Model 270 Diagnostic Audiometer, Amplivox Ltsd, UK) in accordance 

with the procedure recommended by the British Society of Audiology (2018). Pure-tone 
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thresholds were measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz, with thresholds 

averaged from all frequencies to determine the pure-tone average across both ears. This was 

to ensure that younger adults had normal hearing, and any age-related differences in 

multisensory performance were not due to moderate-severe hearing loss in the older adult 

sample. 

The PTA thresholds of younger and older adults are displayed in Figure 1. An 

independent t-test revealed that there was a significant difference between age groups on the 

PTA assessment – older adults (M=20.50, SD=8.06) had significantly higher PTA thresholds 

compared to younger adults (M=4.25, SD=3.28; t(62) = 10.56, p<.001).  

 

 

Figure 1. Mean pure-tone audiometry thresholds recorded for each age group at each frequency. Black markers 
represent data of younger adults, red markers represent the data of older adults. Error bars reflect standard 
error.  
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6.4.3. Experimental Design 

This study implemented a 2 (Age: Younger vs Older) x 2 (Distractibility Condition: Low vs High) 

x 3 (TMS Location: Vertex [Cz] vs Parietal [P4] vs Auditory [STG]) mixed design, with Age as the 

between-subjects factor and Distractibility Condition and TMS Location as the within-subjects 

factors.  

 

Speech Materials 

The speech perception task used in this study was a version of the irrelevant speech paradigm, 

as implemented by Wostmann et al. (2017). Each trial in the task consisted of audio recordings 

of a British male speaking the digits 1 to 9. Presentation of the full 9-digit span lasted 9 

seconds. These digits served as the task-relevant, to-be-attended target speech (Wostmann 

et al., 2017).  

The task-irrelevant sentences within the paradigm were spectrally degraded, adjusting 

the acoustic detail of the sentences to manipulate their intelligibility, and therefore their 

distractibility (i.e. high intelligibility would result in the sentence being highly distracting; low 

intelligibility would result in the sentence being less distracting; Wostmann & Obleser, 2016; 

Wostmann et al., 2017). The sentences were degraded using different frequency channels (ch) 

for noise-vocoding – a higher number of frequency channels results in greater acoustic detail 

and enhanced intelligibility (Faulkner et al., 2001; Wostmann & Obleser, 2016). As such, the 

sentences were divided into two vocoding conditions: 1-ch vocoded speech, which was 

unintelligible therefore easy to ignore (herein referred to as the Low Distractibility condition); 

and 32-ch vocoded speech, which was more intelligible and therefore more difficult to ignore 

(herein referred to as the High Distractibility condition). The sentences were based on the 
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Speed and Capacity of Language Processing Test (SCOLP) sentences (Baddeley et al. 1992). 90 

different sentences were utilised, all spoken by the same male voice as the digits that had to 

be recalled. The task-irrelevant sentence was played immediately after the stimulation, and 

lasted 1 second. The time period immediately after the target sentence was played, 

encompassing the delivery of the TMS pulses and the task-irrelevant sentence, was 5 seconds 

in total. 

 

TMS protocol 

Biphasic TMS pulses were generated by a DuoMag XT-100 unit with Wasserman safety 

limits enabled (Deymed Diagnostic, Hradec Kralove, Czech Republic) and delivered by a 70mm 

diameter figure-of-8 coil. Pulses were delivered at participants' individual alpha frequency 

(IAF), which can range between 8Hz-12Hz. In a short pre-test session, participants had their 

resting brain activity recorded, with their eyes closed, for 2 minutes. Each participant’s 

individual alpha frequency was identified from the EEG data according to an automated 

resting-state individual alpha frequency estimation routine implemented in MATLAB 

(Corcoran et al., 2018).  

TMS pulses were delivered at an intensity that reflected the average resting motor 

threshold (rMT) of the hand area of left motor cortex. Previous literature suggests that the 

average rMT for younger adults is approximately 45% TMS intensity (Gaffney et al., 2021). 

Since the efficacy of TMS stimulation is dependent on close contact with the scalp, the use of 

the EEG cap in this study introduced an increase in the coil-to-cortex distance, which would 

decrease the efficacy of stimulation. Research suggests that for each additional millimetre in 

coil-to-scalp distance an additional 2.8% or 2.5% of TMS stimulator output is required to elicit 
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the same effect (Stokes et al., 2007; Trillenberg et al., 2012). Since the EEG cap and electrode 

ring introduces approximately 10mm additional coil-to-cortex distance, stimulator output in 

this study increased by 25%, to account for the 2.5% increase per mm. As such, participants 

received stimulation at 70%, which was applied on top of the EEG cap.  

Three brain locations across the task were stimulated in a randomised order. These 

locations were the vertex (identified as the location of the central electrode, Cz), the parietal 

cortex (identified as the location as the right parietal electrode, P4), and the auditory cortex 

(consistent with the left superior temporal gyrus [STG] at MNI co-ordinates x = −60, y = −12, z 

= −6; Kennedy-Higgins et al., 2020). MNI co-ordinates for the auditory cortex were based on 

the location identified by Kennedy-Higgins et al. (2020); these co-ordinates were mapped onto 

an average brain model based on the MRI data of 40 adults, with stimulation position 

facilitated using BrainSight neuronavigation systems (Rogue Research Inc, Canada). As a result, 

throughout this manuscript, TMS to the parietal cortex will be referred to as the P4 location, 

TMS to the auditory cortex will be referred to as the STG location, and TMS to the vertex will 

be referred to as the Cz location. In each location, participants received 5 pulses of TMS 

delivered at their IAF, before the presentation of the irrelevant sentence.  

 

6.4.4. Procedure.  

The behavioural task used in this study is an auditory working memory task based on the 

irrelevant speech paradigm (Colle & Welsh, 1976; Wostmann et al., 2017). During a trial of the 

auditory working memory task, participants focussed on a fixation cross, and listened to an 

audio recording of the digits 1 to 9 spoken in a random order. Participants were asked to 

remember the order of these 9 digits – this is the attending phase. After this, participants 
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received 5 pulses of TMS set at their individual alpha frequency (IAF), to either the vertex, the 

parietal cortex or the auditory cortex. A task-irrelevant sentence was then played, consisting 

of either low distractibility or high distractibility speech – this was the inhibition phase, in 

which participants were required to hold the digits in memory whilst inhibiting the irrelevant 

sentence. Finally, in the recall phase, participants were presented with a keypad on the screen 

containing the numbers 1 to 9; these numbers were presented in a random arrangement after 

each trial (to prevent participants' motor preparation influencing their behavioural responses; 

Wostmann et al., 2017). Participants used the mouse to click the digits in the order they were 

presented in; all digits had to be selected before the next trial could begin.  

Participants completed 6 practice trials prior to the commencement of the 

experiment, two per TMS Location. Participants completed 40 experimental trials in total – 20 

trials in the 1-ch, low distractibility condition and 20 trials in the 32-ch, high distractibility 

condition – for each TMS location. The order of the trials in each Distractibility condition was 

randomised for each participant. The order in which each brain area was stimulated with 

pseudo-randomised for each participant. Participants had the opportunity for a break after 

every 13 trials, with a longer break at the end of each block of 40 trials when TMS location 

was to be changed. Stimuli were presented using Presentation software (Version 18.0, 

Neurobehavioural Systems, Inc., Berkeley, CA, www.neurobs.com), with auditory stimuli 

played binaurally through ER2-insert earphones (Etymotic Research). The procedure for this 

experiment is displayed in Figure 2.  

http://www.neurobs.com/
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Figure 2. Procedure detailing the steps of the experimental task. Participants were asked to listen to and 
remember the digits in the attending phase; 5 pulses of TMS were then delivered at each participant's 
individual alpha frequency (IAF); after this, participants heard a task-irrelevant sentence which was of low 
distractibility (1-ch) or high distractibility (32-ch). Participants then click on the screen to identify the order in 
which the 9 digits in the target sentence were spoken.  

 

6.4.5.  EEG recording and pre-processing 

Continuous EEG data were sampled at 2048Hz from a 32-channel BioSemi Active Two 

acquisition system (BioSemi V.O.F, Amsterdam, The Netherlands). Electrodes were positioned 

according to the international 10-20 system, using the average of all electrodes as reference 

during recording. Data were collected using Presentation software (Version 18.0, 

Neurobehavioural Systems, Inc., Berkeley, CA) to send EEG triggers time-locked to specific 

events within the task, and ActiVIEW for collecting and storing EEG data. Processing and EEG 

analyses were completed offline using the EEGLAB toolbox (Delorme & Makeig, 2004) and 

MATLAB scripts.  

Auditory sequence: 

“3, 2, 7, 9, 4, 6, 1, 5, 8” 

 rTMS:                             

5 pulses at 

participant's IAF 

1 V. 32-ch vocoded 

irrelevant speech: 

"Tomato soup is a 

liquid" 

7 1 

6 5 3 

4 9 8 

2 

Attending Phase 

(9 seconds) 

Inhibition Phase 

(5 seconds) 

Recall 

Phase 
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 TMS pulse removal. To remove the artifacts that existed within the data as a result of 

the TMS pulses, the TMS-EEG signal analyser (TESA) package was used in MATLAB (Rogasch et 

al., 2017; Mutanen et al., 2020). This package identified each of the TMS pulses present in the 

data file, and removed data 2ms before each pulse and 50ms after each pulse. This missing 

data was then replaced with average data that occurred between 800ms and 300ms before 

the first TMS pulse; this interpolation was conducted to replace data from what was the first 

TMS pulse to what was the fifth TMS pulse in each train (Rogasch et al., 2017; Mutanen et al., 

2020).  

 Pre-processing. After TMS pulse removal, the EEG data were resampled to 256Hz, re-

referenced to the average of all electrodes, and a digital low cut-off filter of 0.1Hz and a high 

cut-off filter of 44Hz was applied. An independent component analysis (ICA) was performed 

on the data. Artefactual independent components were detected and rejected using the 

ICFlag function in EEGLAB; components that were identified as being over 80% likely to be 

heart, muscle or eye artefacts were removed from the dataset (Delorme et al., 2007). The pre-

processed EEG data were epoched, beginning 50ms before the presentation of the task-

relevant digits, and ending 14 seconds later after the task-irrelevant sentence had ended. 

 Alpha power extraction. Baseline-corrected alpha power was extracted from the 8-

12Hz frequency band at electrodes positioned over the right parietal cortex (P4, P8, PO4; 

denoting parietal alpha power) and the left auditory cortex (T7, F7, FC5; denoting auditory 

alpha power). These target brain areas are displayed in Figure 3. Alpha power was determined 

using the power spectral density (PSD) package in EEGLAB. The 'spectopo' function is based 

upon Welch's method and uses a 256-point Hamming window. This resulted in each 
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participant having 6 parietal alpha power values (one for each Distractibility x TMS Location 

condition of the task) and 6 auditory alpha power values. 

 Gamma power extraction. To investigate whether entraining alpha oscillators could 

also modulate gamma-band activity, baseline-corrected low gamma power was extracted 

from the 30-44Hz frequency band at electrodes positioned over the right parietal cortex (P4, 

P8, PO4; denoting parietal gamma power) and the left auditory cortex (T7, F7, FC5; denoting 

auditory gamma power). Gamma power was determined using the power spectral density 

(PSD) package in EEGLAB. The 'spectopo' function is based upon Welsch's method and uses a 

256-point Hamming window. This resulted in each participant having 6 parietal gamma power 

values, one for each Distractibility x TMS Location condition of the task, and 6 auditory gamma 

power values. 

 

Figure 3. Positions of electrodes used to extract alpha power and gamma power in the target parietal and 
auditory brain regions. 

 

Parietal Auditory 
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6.4.6. Statistical Analyses 

Behavioural data collected in this study was analysed using mixed ANCOVA models in R studio 

(version 4.2.1). EEG data collected in this study was analysed using mixed MANCOVA models 

in SPSS (IBM SPSS Statistics for Windows, Version 28.0. Armonk, New York). Pure-tone 

audiometry was included as a covariate in each statistical model to control for differences in 

hearing acuity. An alpha value of p=.05 was used as the threshold for significance.  

Behavioural Data Analysis 

Behavioural data represented the proportion of digits recalled in the correct position in each 

TMS location and Distractibility condition, measuring participants' accuracy throughout the 

task. That is, if a digit was recalled at the position in which it was presented, this was 

considered "correct", and if it was recalled in any other position, this was "incorrect" 

(Wostmann et al., 2017). The mean proportion correct was calculated by averaging across 

trials for each condition. Behavioural data was analysed using a 2 (Age: Younger vs Older) x 2 

(Distractibility Condition: Low vs High) x 3 (TMS Location: Vertex [Cz] vs Parietal [P4] vs 

Auditory [STG]) mixed ANCOVA in RStudio (version 4.2.1). Pure-tone audiometry thresholds 

were included as a covariate to account for the impact that any differences in hearing ability 

between younger and older adults would have on the results.  

EEG Data Analysis 

EEG data consisted of baseline-corrected alpha power recorded during the attending and 

maintenance phases of the task, for each Distractibility condition and TMS location. There 

were two dependent variables of interest within the EEG data – the first dependent variable 

was baseline-corrected alpha power recorded over the auditory cortex, whilst the second 
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dependent variable was baseline-corrected alpha power recorded over the parietal cortex. 

Despite the fact that alpha power was also recorded over Cz, there were no specific 

hypotheses for this location, so it was not subject to analyses as an outcome variable. Due to 

the fact that there were two dependent variables within the EEG data, it was decided to 

analyse parietal and auditory alpha power using a 2 (Age: Younger vs Older) x 2 (Distractibility 

Condition: Low vs High) vs 3 (TMS Location: Vertex [Cz] vs Parietal [P4] vs Auditory [STG]) 

mixed MANCOVA (Multivariate Analysis of Covariance). Pure-tone audiometry thresholds 

were included as a covariate to account for the impact that any differences in hearing ability 

between younger and older adults would have on the results. Means and standard errors 

reported in the main body of the text represent the estimated marginal means from the mixed 

MANCOVA (denoted as M and SE); estimated marginal means are adjusted from the 

descriptive statistics to account for PTA thresholds as a covariate. These estimated marginal 

means were used in the statistical analyses to evaluate significance between groups or 

conditions through pairwise comparisons. For completeness, descriptive statistic means 

which may differ from estimated marginal means (i.e. the raw means calculated without the 

influence of PTA threshold as a covariate) are displayed on graphs where relevant (denoted as 

MRaw and SERaw). Power values which were deemed extreme due to any excessive noise during 

recording were removed and replaced with the age group mean value in each condition. Any 

further outliers which were +/- 3 standard deviations from the age group mean were also 

removed and replaced with the age group mean in each condition. This did not exceed 10% 

of the dataset.  

 Exploratory analyses – gamma power. To explore the impact of entraining alpha 

oscillators on the relationship between alpha power and gamma power in parietal and 

auditory regions, and how this may change with healthy ageing, Spearman's rank-order 
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correlations were conducted. Alpha powers were collapsed across distractibility conditions, to 

produce a mean parietal alpha power, mean parietal gamma power, mean auditory alpha 

power and mean auditory gamma power, for each participant after each TMS location was 

stimulated. The data file was split by age, and correlations were conducted between parietal 

alpha/gamma power after alpha-TMS to Cz, P4 and STG locations, and between auditory 

alpha/gamma power after alpha-TMS to Cz, P4 and STG locations.  

 

6.4.7. Deviations from pre-registration 

Whilst the data in the current study are not normally distributed, previous research indicates 

that the F-test in ANCOVA models is robust to this (Schmidt & Finan, 2018), particularly due 

to the relatively large sample size and equal numbers within each group. Furthermore, given 

that younger and older adults display similar distributions, we believe that transforming the 

data to correct for such assumptions would result in a model less reflective of how age-related 

changes in auditory working memory manifest. As such, data in the MANCOVA model were 

not transformed, however Greenhouse Geisser adjusted statistics are used where 

appropriate. As further exploratory analyses, correlations were conducted between alpha 

power and gamma power in parietal and auditory regions, to measure how entraining alpha 

oscillators associated with gamma power. Given that Pearson's correlations are less robust to 

non-normal distributions (Mukaka, 2012), Spearman's rank-order correlations were used for 

these alpha-gamma coupling analyses. Alpha power within each phase of the experiment 

(attending, maintenance and recall) was not analysed to constrain type I error and enable a 

closer replication of the analyses of Wostmann et al. (2017), who measured alpha power in 
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younger adults across the total time period encompassing digit presentation and inhibition of 

distracting speech in the irrelevant speech paradigm. 
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6.5. Results 

6.5.1. Behavioural data – proportion of digits recalled in the correct order 

The proportion of digits recalled in the correct position, for each position within each 

Distractibility condition and TMS location, is displayed in Figure 4. The mean proportion of 

digits correctly recalled, in total for each condition, is displayed in Figure 5.  

 

Figure 4. Proportion of digits recalled in the correct position, across all ages, for each of the 9 positions within 

the speech perception task. Solid line displays data from Low Distractibility conditions, dashed line displays 

data from High Distractibility conditions. Light blue line displays proportion correct after Cz was stimulated; 

medium blue line displays proportion correct after P4 was stimulated; dark blue line shows proportion correct 

after STG was stimulated.  
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Figure 5. Mean proportion of digits recalled in the correct order within each Distractibility and TMS condition. 

Older adult data displayed in the top row, younger adult data displayed in the bottom row. Each data point 

displays the mean proportion for each participant in that condition. Participants' data points in Low vs High 

Distractibility conditions are linked by lines.  

 

Behavioural data – the proportion of digits recalled in the correct order – were analysed using 

a 2 (Age: Younger vs Older) x 2 (Distractibility: Low vs High) x 3 (TMS location: Vertex vs Parietal 

vs Auditory) mixed ANCOVA, with pure-tone audiometry thresholds included as a covariate. 

The mixed ANCOVA revealed no significant main effect of Age [F(1,61)=0.849, p=.361] or TMS 

location [F(2,122)=0.621, p=0.539]. There were also no significant interactions between Age 

and Distractibility [F(1,61)=0.155, p=.695], between Age and TMS Location [F(2,122)=0.012, 

p=0.988], between Distractibility and TMS Location [F(2,122)=0.043, p=.958), and no 
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significant 3 way interaction between Age, Distractibility and TMS Location [F(2,122)=1.63, 

p=.200]. However, there was a significant main effect of Distractibility on the proportion of 

digits recalled in the correct order [F(1,61)=44.63, p<.001, ƞp2=0.42]. Overall, a greater 

proportion of digits were recalled in the correct order in the Low Distractibility conditions 

(M=0.64, SE=0.16) compared to the High Distractibility conditions (M=0.59, SE=0.17). This 

main effect is displayed graphically in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Proportion of digits recalled in the correct position in the Low vs High Distractibility conditions, 

collapsed by Age and TMS location.  
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6.5.2. EEG data – Alpha power 

Alpha power recorded over the parietal cortex and the auditory cortex were analysed using a 

2 (Age: Younger vs Older) x 2 (Distractibility Condition: Low vs High) x 3 (TMS Location: Cz x P4 

x STG) mixed MANCOVA, with pure-tone audiometry thresholds as a covariate.  

 

Effect of Age 

Using the Wilks' criterion, the mixed MANCOVA revealed that parietal alpha power and 

auditory alpha power were significantly different across age groups (Wilk's Lambda = 0.765, 

F(2,60)=9.23, p<.001, ƞp2=0.24). With regards to parietal alpha power, there was a significant 

main effect of Age [F(1,61)=18.73, p<.001, ƞp2=0.24]. Older adults had greater parietal alpha 

power (M=7.33, SE=0.79) compared to younger adults (M=1.31, SE=0.79; mean difference=-

6.02, SE=1.39, p<.001). In addition, there was a significant main effect of Age on auditory alpha 

power [F(1,61)=4.30, p=.042, ƞp2=0.07] – older adults had greater auditory alpha power 

(M=4.90, SE=0.63) compared to younger adults (M=2.58, SE=0.63; mean difference = 2.31, 

SE=1.12, p=.042). The main effect of age for both parietal alpha power and auditory alpha 

power is displayed in Figure 7.  
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Figure 7. Mean alpha power recorded over auditory and parietal brain regions, collapsed across Distractibility 
conditions and TMS locations, for younger and older adults. Each point represents the alpha power of each 
participant across the Distractibility conditions and TMS locations.  *** represents significance at p=<.001, ** 
represents significance at p=<.01, * represents significance at p=<.05 

 

 

Effect of TMS Location 

Using the Wilks' criterion, the mixed MANCOVA revealed that parietal alpha power and 

auditory alpha power were significantly different across each TMS Location (Wilk's Lambda = 

.839, F(4,242) = 5.60, p=<.001, ƞp2=.085). The mixed MANCOVA also indicated that Mauchly's 

test of sphericity was violated for TMS Location in parietal alpha power (χ2 =102.26, p<.001) 
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and auditory alpha power (χ2 =44.37, p<.001),  therefore Greenhouse-Geisser adjusted p-

values are reported. With regards to parietal alpha power, there was a significant difference 

across TMS Locations [F(1.31,80.12)=5.48, p=.009, ƞp2=.092]. Parietal alpha power was 

greater after TMS to P4 (M=5.62, SE=64) than to Cz (M=3.59, SE=0.33; mean difference = 2.03, 

SE=0.52, p<.001) and to STG (M=3.75, SE=0.33; mean difference = 1.87, SE=0.55, p=.004). With 

regards to auditory alpha power, there was also a significant difference across TMS locations 

[F(1.10,67.10)=5.48, p=.020, ƞp2=0.082]. Auditory alpha power was greater after TMS to STG 

(M=6.53, SE=0.68) than to Cz (M=2.20, SE=.17; mean difference = 4.34, SE=0.65, p<.001) and 

to P4 (M=2.49, SE=0.24; mean difference =4.05, SE=0.62, p<.001). This indicates that in both 

parietal and auditory cortices, TMS was effective in entraining alpha oscillators to enhance 

alpha power. The main effect of TMS location for both parietal alpha power and auditory alpha 

power is displayed in Figure 8.  
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Figure 8. Mean alpha power recorded over auditory and parietal brain regions, collapsed across Distractibility 
conditions and age groups, for each TMS Location. Each point represents the alpha power recorded by each 
participant.  *** represents significance at p=<.001, ** represents significance at p=<.01, * represents 
significance at p=<.05 

 

The mixed MANCOVA revealed no significant main effect of Distractibility on parietal and 

auditory alpha power [Wilk's Lambda = .977, F(2,60) = 0.70, p=.502, ƞp2=.02].  
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Interaction between Location and Distractibility 

The MANCOVA revealed that there was a significant interaction between TMS Location and 

Distractibility condition on parietal alpha power and auditory alpha power (Wilk's Lambda = 

.902, F(4,242)=3.19, p=.014, ƞp2=0.050).  

With regards to parietal alpha power, there was a significant interaction between TMS 

Locations and Distractibility conditions [F(2, 122)= 6.52, p=.002, ƞp2=.097]; however, this two-

way interaction was not significant in auditory alpha power [F(2, 122)=0.10, p=.904, ƞp2=.002]. 

Pairwise comparisons arising from this two-way interaction within the parietal alpha power 

data were analysed to assess how parietal alpha activity differs between TMS locations and 

Distractibility conditions.  

Pairwise comparisons revealed that after alpha-TMS to P4, a greater parietal alpha was 

recorded in the High Distractibility condition (M=6.16, SE=0.76) compared to the Low 

Distractibility condition (M=5.08, SE=0.57; mean difference = 1.09, p=.007). In contrast, 

difference in parietal alpha power in Low vs High Distractibility conditions was not significant 

after TMS to Cz (p=.097) or TMS to STG (p=.082). This significant interaction is displayed in 

Figure 9. The significant difference in parietal alpha power in Low and High distractibility 

conditions when P4 was stimulated may be indicative of the role of parietal alpha power in 

inhibitory control.  
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Figure 9. Graph to illustrate the significant interaction between TMS Location and Distractibility condition on 
parietal alpha power. Each point represents the parietal alpha power recorded by each participant across 
conditions.  *** represents significance at p=<.001, ** represents significance at p=<.01, * represents 
significance at p=<.05 

 

Interaction between Age, Location and Distractibility.  

The MANCOVA also revealed that there was a significant three way interaction 

between Age, TMS Location and Distractibility condition on parietal alpha power and auditory 

alpha power (Wilk's Lambda = 0.898, F(4,242)=3.35, p=.011, ƞp2=0.052). With regards to 

parietal alpha power, there was a significant interaction between Age, TMS Location and 

Distractibility [F(2,122)=5.21, p=.007, ƞp2=0.079]; however, with regards to auditory alpha 
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power, there was no significant interaction between Age, TMS Location and Distractibility [F(2, 

122)=1.59, p=.209, ƞp2=0.025]. To analyse the significant three-way interaction present in 

parietal alpha data, the data file was split by age group, and two separate 2 (Distractibility: 

Low vs High) x 3 (TMS Location: Cz vs P4 vs STG) repeated-measures ANCOVAs were conducted 

on the data. 

The repeated-measures ANCOVA of parietal alpha power in older adults revealed a 

significant interaction between Location and Distractibility [F(2, 60) = 3.87, p=.026,  ƞp2 = 

0.11]. Pairwise comparisons revealed that in P4 TMS locations, parietal alpha power was 

higher in High distractibility conditions (M=7.97, SE=1.45) compared to Low distractibility 

conditions (M=6.42, SE=1.13; mean difference = 1.55, p=.036). In contrast, in Cz TMS locations, 

there was no significant difference in parietal alpha power between Low and High 

distractibility conditions (p=.103). In addition, in STG TMS locations, there was no difference 

in parietal alpha power between Low and High distractibility conditions (p=.055). The model 

also revealed that for older adults, there was no significant main effect of Location [F(2, 

60)=2.95, p=.060, ƞp2 =0.09] or Distractibility [F(1,30)= 0.32, p=.574, ƞp2 = 0.01].  

In contrast to the data of older adults, the 2 (Distractibility: Low vs High) x 3 (TMS 

Location: Cz s P4 vs STG) repeated-measures ANCOVA on the parietal alpha power of younger 

adults did not reveal a significant interaction between Location and Distractibility 

[F(2,60)=2.16, p=.124, ƞp2 =0.07]. There were also no significant main effects of Location 

[F(2,60)=2.89, p=.063, ƞp2  = 0.06] or Distractibility [F(1,30)=0.26, p=.617, ƞp2 = 0.01] on 

parietal alpha power in younger adults. The alpha powers of younger and older adults, in each 

TMS Location and Distractibility condition, are displayed in Figure 10.  
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Taken together, the significant difference in parietal alpha power in Low and High 

distractibility conditions when P4 was stimulated may be indicative of the role of parietal alpha 

power in inhibitory control for older adults. This interaction was not significant in younger 

adults; the implications of this, for understanding of how alpha power may reflect age-related 

changes in auditory working memory, are explored in the discussion section. 

 

 

Figure 10. Three-way interaction between Age, Distractibility and TMS location in parietal alpha power. Parietal 
alpha power was greater in High distractibility conditions compared to Low distractibility conditions when P4 
was stimulated. Younger adults showed no significant differences across TMS locations in each distractibility 
condition.  *** represents significance at p=<.001, ** represents significance at p=<.01, * represents 
significance at p=<.05 
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Exploratory analyses: alpha-gamma coupling 

To analyse power-power coupling between alpha and gamma in younger and older adults in 

each TMS Location, Spearman's rank-order correlational analyses were conducted (Abubaker 

et al., 2021). Given that our exploratory hypotheses centred around age-related changes in 

alpha-gamma coupling, alpha power and gamma power were collapsed across distractibility 

conditions to produce a mean alpha power and a mean gamma power for each participant in 

each TMS location condition. The data file was split by age and correlations were conducted 

separately for each age group.  

 

Alpha-gamma coupling in older adults. The first set of Spearman's rank-order correlations 

analysed the relationship between parietal alpha power and parietal gamma power in older 

adults. In conditions where P4 was stimulated, there was no significant relationship between 

parietal alpha power and parietal gamma power [r(30)=0.349, p=.051]. There was also no 

significant relationship between parietal alpha power and parietal gamma power when Cz was 

stimulated [r(30)=0.147, p=.423] or when STG was stimulated [r(30)=0.249, p=.169].  

The second set of correlations analysed the relationship between auditory alpha 

power and auditory gamma power in older adults. There were no significant correlations 

between auditory alpha power and auditory gamma power when STG was stimulated 

[r(30)=0.068, p=.713], when Cz was stimulated [r(30)=0.290, p=.108], or when P4 was 

stimulated [r(30)=0.005, p=.971]. 

Alpha-gamma coupling in younger adults. The third set of Spearman's rank-order correlations 

analysed the relationship between parietal alpha power and parietal gamma power in 

younger adults. There were no significant correlations between parietal alpha power and 
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parietal gamma in conditions where P4 was stimulated [r(30)=0.165, p=.367], where Cz was 

stimulated [r(30)=0.306, p=.089], or where STG was stimulated [r(30)=0.188, p=.304] 

The final set of correlations analysed the relationship between auditory alpha power 

and auditory gamma power in younger adults. There was a significant moderate positive 

correlation between auditory alpha power and auditory gamma power in conditions where 

STG was stimulated [r(30)=0.433, p=.013]. There was also a significant moderate positive 

correlation between auditory alpha power and auditory gamma power in conditions where 

P4 was stimulated [r(30)=0.434, p=.013] and where Cz was stimulated [r(30)=0.461, p=.008]. 

These significant relationships suggest that younger adults may exhibit alpha-gamma coupling 

in auditory cortex during speech perception in which target speech must be attended to and 

irrelevant speech must be inhibited. Due to the fact that there was a significant relationship 

between auditory alpha power and auditory gamma power when Cz was stimulated, these 

observations are not a specific effect of TMS. The non-significant relationships in the older 

adult data may indicate that older adults exhibit weaker alpha-gamma coupling compared to 

younger adults, in support of hypothesis 4.  
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6.6. Discussion 

The aim of this study was to investigate whether TMS can entrain alpha oscillations to facilitate 

auditory working memory in younger and older adults. Whilst our behavioural data support 

previous research indicating that background speech high in acoustic detail is more difficult to 

inhibit, there was no behavioural difference between younger and older adults. However, 

when analysing parietal and auditory alpha power, these age-related changes in auditory 

working memory become evident – parietal and auditory alpha power were higher in older 

adults compared to younger adults, which could have important implications for our 

understanding of the speech perception mechanisms relied upon by our ageing population. 

Furthermore, in the most distracting listening conditions, TMS to the parietal cortex appeared 

to enhance parietal alpha power, which may indicate the role of parietal alpha activity in the 

inhibition of distracting, task-irrelevant information. Crucially, this study provides support for 

the utility of non-invasive brain stimulation techniques like TMS in modulating neural 

oscillations, in that entraining alpha oscillators in parietal and auditory cortices successfully 

enhanced alpha power in each brain region. To investigate how modulating alpha activity may 

exert a top-down influence on bottom-up sensory processing, we also analysed how alpha 

activity may associate with gamma power; we found that younger adults exhibited significant 

positive relationships between auditory alpha power and auditory gamma power across all 

TMS locations whilst older adults exhibited non-significant relationships.  Taken together, 

these findings could cast light on the interplay between bottom-up and top-down mechanisms 

during speech perception, and how these may change as a function of healthy ageing.  
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Across age groups, speech perception appeared to be more challenging in highly distracting 

listening environments.  

Through analysing the percentage of digits recalled in the correct order, our behavioural data 

analyses revealed that both younger and older adults produced a weaker performance in the 

highly distracting, 32-channel vocoded conditions compared to the less distracting, 1-channel 

vocoded conditions. This is in line with previous research which implemented noise-vocoded 

speech perception tasks and found that the greater the acoustic detail of the task-irrelevant, 

to-be-ignored speech, the more distracting and detrimental it is to the maintenance of 

relevant target-speech (Wostmann et al., 2017; Ellermeier et al., 2015; Wostmann & Obleser, 

2016). If the background speech is clear and rich in acoustic detail, it is naturally more difficult 

to ignore compared to background speech that may be of poor quality or lower in dB level 

(however, see research by Scholz and colleagues, 2023, which suggests that whispered 

speech, despite being lower in volume, can be more distracting than loud speech; this may be 

due to the greater listening effort required to process the meaning of whispered speech). In 

sum, highly distracting background speech can detract from the cognitive resources required 

to process target speech (Wostmann et al., 2017), resulting in a less accurate speech 

perception performance in lab environments and weaker/more difficult social communication 

in everyday life settings.  

Despite the importance of this behavioural finding in contributing to our 

understanding of speech perception in adverse listening environments, it was not reflected in 

our neural data – there was no significant main effect of Distractibility condition on parietal or 

auditory alpha power. However, previous studies that have also implemented the irrelevant 

speech paradigm have not always found complementary results between increased alpha 
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power and increased inhibition of distracting sensory information. This may be due to the fact 

that, unlike the majority of speech-in-noise studies in which the Distractibility manipulation is 

applied to the task-relevant speech, the irrelevant speech paradigm deviates from this, 

manipulating the acoustic detail of the task-irrelevant background noise (Wostmann et al., 

2017). Wostmann et al. (2017) postulated that, due to the irrelevant speech paradigm 

producing behavioural results that pertained to the task-relevant speech (attended digits), and 

neural results that pertained to both the task-relevant and task-irrelevant speech (attended 

digits plus inhibited distracting sentences), this brain-behaviour relationship is less direct 

compared to studies that manipulate the acoustic detail of target speech (producing neural 

and behavioural data that both pertain to the attended stimulus). Nevertheless, investigating 

the functional role of entraining alpha oscillations on auditory working memory, in each of 

these different kinds of paradigms, is key in building a comprehensive understanding of how 

fluctuations in alpha activity in different brain regions coordinate to support speech 

perception.  

 

TMS is an effective technique to entrain alpha oscillators in parietal and auditory cortices.  

The significant main effect of TMS Location in our EEG analyses supported neural hypotheses 

one and two. rTMS, set at a participant's individual alpha frequency, was able to significantly 

increase parietal alpha power when the parietal cortex was stimulated, and significantly 

increase auditory alpha power when the auditory cortex was stimulated. Historically, the 

impact of TMS on cortical activity has been inferred through peripheral measurements (e.g. 

stimulating the motor cortex and recording a motor-evoked potential; Maeda et al., 2000; 

Pascual-Leone et al., 1994). Through pairing alpha-TMS with concurrent EEG, we are able to 
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record direct cortical responses to stimulation and uncover more about the mechanisms by 

which alpha-TMS can entrain alpha oscillators in different brain regions. Our neural findings 

are in line with previous research suggesting that rTMS can result in entrainment of alpha 

oscillations through the reproduction of naturally-occurring brain rhythms (Thut et al., 2011). 

Studies like this, which indicate possible mechanisms by which TMS can act upon neural 

oscillations, can contribute to future research paradigms, not only to improve our 

understanding of how different neural oscillations may coordinate with each other, but also 

to measure their functional role in perception and cognition (Thut et al., 2011).  

Due to the fact that TMS Location was a non-significant main effect in our behavioural 

analyses, it is difficult to determine the functional relevance of TMS-induced alpha 

entrainment in auditory and parietal brain regions. For example, if alpha-TMS can entrain 

parietal alpha oscillators, this should be an effective protocol to improve a participant's ability 

to suppress task-irrelevant, distracting information, due to the postulated role of the parietal 

cortex in inhibition (Thut et al., 2011).  As such, perhaps the irrelevant speech paradigm 

implemented in the current study was not sensitive enough to detect behavioural differences 

arising from increasing auditory and parietal alpha power. It is likely that an experimental 

paradigm in which attentional and inhibitory control is even more challenging, such as a task 

that contains irrelevant speech that is semantically similar to the relevant speech, could 

uncover the benefits that alpha-TMS to auditory and parietal brain regions could have on 

behavioural performance, and how this may change as a function of healthy ageing (Bell et 

al., 2008; Diaz et al., 2019; Tun et al., 2002; Murphy et al., 2018).  

 

Older adults exhibited increased alpha activity compared to younger adults. 
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Our MANCOVA analyses on EEG data collected in this study also revealed a significant main 

effect of Age – older adults produced a greater parietal alpha power and auditory alpha power 

compared to younger adults. This is in contrast to previous research which indicates that 

reduced parietal alpha power in older adults may be an underlying neural correlate of their 

weaker inhibitory abilities (Wostmann et al., 2015). However, the findings of the current study 

may reflect the increased listening effort required by older adults to perceive speech in 

adverse listening conditions. With increasing age, speech perception tends to become more 

challenging; in part, this is due to age-related hearing loss in the peripheral auditory system 

(Slade et al., 2020; Shneider et al., 1997), however it is also a result of age-related 

deteriorations in the ability to attend to and remember relevant speech and inhibit distracting 

background noise form external speakers (Pichora-Fuller et al., 1995; Dey & Sommers, 2015; 

Borghini et al., 2018; Gazzaley et al., 2008). To compensate for such deficits, older adults are 

believed to engage wider cortical networks during speech perception compared to younger 

adults (Wong et al., 2009; Frtusova & Phillips, 2016), recruiting an increased amount of 

cognitive resources in order to disambiguate the speech signal, hold the words in memory, 

and inhibit distracting information (Peelle et al., 2010; Getzmann et al., 2015).   

This is supported by theories such as the compensation-related utilization of neural 

circuits hypothesis (CRUNCH; Reuter-Lorenz & Lustig, 2005). According to CRUNCH, to 

produce a behavioural performance similar to that of younger adults, older adults are required 

to recruit increased neural resources to compensate for age-related processing inefficiencies. 

This compensatory mechanism is effective when the task is relatively straightforward, 

however when task difficulty increases, a 'resource ceiling' is reached in older adults, leading 

to drop-offs in both motivation and performance (Reuter-Lorenz & Cappell, 2008). Older 

adults in the current study may have compensated for their age-related declines in the 
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bottom-up and top-down mechanisms involved in speech perception by recruiting greater 

cortical networks, resulting in increased parietal and auditory alpha power, and preserving 

auditory working memory to produce a behavioural performance that was similar to younger 

adults (Peelle et al., 2010; Getzmann et al., 2015).  

As discussed earlier, the research into whether increases or decreases in auditory 

alpha power reflect increased attention to target speech is mixed; the current study supports 

the findings of Obleser et al. (2012) and Dijk et al. (2010), who observed increases in auditory 

alpha power during challenging auditory tasks and memory retention tasks. More research is 

needed into the age-related changes in auditory alpha power to determine how fluctuations 

in alpha activity can impact the facilitation of attention towards target speech. With regards 

to the parietal cortex, there may be an element of motivation behind the increased parietal 

alpha power in older adults compared to younger adults – in general, older adults who 

volunteer to participate in research are found to be more motivated to perform well on 

cognitive tasks (Frank et al., 2015; Seli et al., 2017; Ryan & Campbell, 2021). That is, if older 

adults were more invested in producing the most accurate digit recall performance as 

possible, they may have been allocating more cognitive resources to inhibiting the irrelevant 

speech – more so than younger adults. Younger adults may not have been as motivated to 

succeed in the task, or may have found it easier to retain the target digits and inhibit the 

irrelevant sentence (see Ryan & Campbell, 2021, for a detailed review on the impact that age-

related differences in motivation can have on performance in neurocognitive tasks). Taken 

together, and in line with the CRUNCH framework, increased parietal alpha power and 

increased auditory alpha power in older adults may reflect the increased recruitment of 

cognitive resources required to inhibit the irrelevant speech and facilitate attention to the 
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relevant digits, respectively, to preserve behavioural performance in the speech perception 

task.  

 

Parietal alpha power was higher in the most distracting listening conditions when P4 was 

stimulated.  

When analysing the significant two-way interaction between TMS Location and Distractibility 

Condition, the mixed MANCOVA revealed that when the parietal cortex was stimulated, 

parietal alpha power was greater in High distractibility conditions compared to Low 

distractibility conditions. In contrast, when Cz or STG were stimulated, parietal alpha power 

displayed no significant difference across distractibility conditions. Crucially, this finding not 

only provides support for the role of parietal alpha activity in the inhibition of distracting, 

irrelevant sensory information, but is also a further indication that TMS, set at a participant's 

individual alpha frequency, is effective in entraining alpha oscillators in the parietal cortex 

during adverse listening conditions.  

This finding may support the side of the argument suggesting that alpha activity may 

drive speech perception performance via domain-general alpha oscillators – parietal alpha 

power was enhanced after TMS to P4 in the most distracting listening conditions, whereas 

auditory alpha power showed no significant differences across distractibility conditions after 

STG was stimulated. This indicates that, when the task-irrelevant speech was high in acoustic 

detail and more challenging to inhibit, parietal alpha oscillators were relied upon more than 

auditory alpha oscillators to inhibit the distracting auditory information (Wostmann et al., 

2017; Herrmann et al., 2022). Whilst we are unable to associate increased parietal alpha 

power with improved auditory working memory abilities in the current study, future research 
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should continue to build on these findings to investigate the functional role of alpha activity 

in the context of speech-in-noise perception, and how these patterns of alpha activity change 

depending on the speech perception strategies utilised by younger and older adults.   

 

Differences in parietal alpha power between TMS Locations and Distractibility conditions 

were only evident in older adults.  

Through analysing parietal alpha power, a significant three-way interaction was found 

between Age, TMS Location and Distractibility condition. This three-way interaction appears 

to be driven by older adults – specifically, in the most distracting, 32-channel vocoded 

conditions, older adults produced a greater parietal alpha power after stimulation to P4 than 

stimulation to Cz or STG. In contrast, younger adults displayed no differences in parietal alpha 

power across TMS locations in the High Distractibility conditions. Once again, we believe that 

this highlights the increased cognitive resources required by older adults to inhibit the 

processing of task-irrelevant speech that is high in acoustic detail (Wostmann et al., 2017), 

compared to the resources required by younger adults. If younger adults found the irrelevant 

speech paradigm less cognitively-demanding than older adults, or were less motivated to 

produce their most accurate digit recall performance (Ryan & Campbell, 2021), this could have 

resulted in younger adults producing similar increases in parietal alpha power across TMS 

locations and Distractibility conditions.  

 In addition, previous research suggests that younger and older adults may rely upon 

different neural strategies for perceiving speech. Specifically, it has been posited that if 

parietal alpha oscillators become less effective for inhibition with healthy ageing, older adults 

may instead rely upon auditory alpha oscillators, to facilitate attention to target speech 
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(Hermann et al., 2022). Indeed, the findings of the current study may point to younger and 

older adults using different strategies to perceive speech – as discussed, the fact that only 

older adults showed significant differences in parietal and auditory alpha power across TMS 

Locations and Distractibility conditions may indicate the increased involvement of wider 

cortical networks for perceiving speech, compared to younger adults. However, the current 

data do not support the theory that parietal oscillators are less effective in older adults – 

indeed, it may be the case that an increased reliance on parietal alpha oscillators, compared 

to younger adults, preserved speech perception performance in older adults. This could be a 

positive indication that older adults may be more robust to age-related changes in auditory 

working memory and attentional control than once thought, developing compensatory 

mechanisms in light of age-related declines in sensory processing to produce a behavioural 

performance similar to that of younger adults. Future research paradigms should continue to 

investigate the theory that younger and older adults may rely on alpha oscillators in different 

brain regions to perceive speech; this could provide a neural indication of the age-related 

changes in the strategies used to attend and retain relevant speech amongst background 

distractors.  

 

Younger and older adults displayed differential relationships between alpha and gamma 

power across brain regions  

Previous research suggests that increases in parietal and auditory alpha activity, associated 

with top-down attentional control, may be able to modulate higher-frequency gamma activity, 

associated with bottom-up sensory processing. In theory, this could provide important 

indications of the complex interplay between perceptual and cognitive mechanisms during 
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speech perception, and the role of higher-level cortical brain regions in allocating attentional 

resources to processing target speech and inhibiting the processing of irrelevant speech. 

Whilst much of this research has been conducted within the visual system, it was also 

important to investigate whether such interactions could be applied to any cortical brain 

region (Mazaheri et al., 2014; Misselhorn et al., 2019).  

 The current study supported the theory that increases in alpha power may interact 

with alternative frequency bands like gamma to modulate perception. The exploratory 

correlational analyses revealed that in younger adults only, there were significant positive 

relationships between auditory alpha power and auditory gamma power in all TMS locations. 

This positive relationship may be surprising considering that an increase in alpha activity is 

believed to modulate, or suppress, gamma activity through pulsed inhibition (Mazaheri et al., 

2014; Mathewson et al., 2011; Jensen & Mazaheri et al., 2010). However, it provides 

interesting insights into the potential alternative role of alpha-gamma coupling in working 

memory. For example, Mo et al. (2011) administered a visual and auditory selective attention 

task to macaque monkeys, in which they were required to attend to stimuli in the relevant 

domain and suppress stimuli in the unattended domain – the researchers analysed the 

relationship between alpha and gamma power in the inferior temporal cortex, a key neural 

module within the working memory network involved in maintaining task-relevant 

information (Miller & Desimone, 1994; Mo et al., 2011). It was found that a positive 

correlation existed between pre-stimulus alpha power and the stimulus-evoked gamma 

response, potentially indicative of the role of alpha activity in representing information 

maintained in working memory (Mo et al., 2011; Palva & Palva, 2007). Mo et al. (2011) 

suggested that increased alpha power reflects better representation of sensory information 

in working memory, which leads to better matching between sensory input and working 
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memory content, as reflected in increased gamma activity (Herrmann et al., 2004). We 

acknowledge that Mo et al. (2011) implemented a different experimental paradigm to the 

current study; nevertheless, as opposed to decreases in auditory alpha power reflecting the 

facilitation of attention towards target stimuli, perhaps the interlinked increases in alpha and 

gamma power in auditory cortex reflect the ability to maintain task-relevant information in 

younger adults. Future research may focus on investigating the conditions under which the 

directionality of alpha-gamma coupling may differ, and how the strength of this relationship 

may change with healthy ageing.  

 Indeed, crucially, the correlational analyses revealed that younger adults displayed 

positive relationships within each TMS location, and older adults displayed no significant 

relationships. Without behavioural data to mirror these effects, the functional role of the age-

related changes in the strength of alpha-gamma coupling cannot be concluded. However, it is 

fair to suggest that younger adults may exhibit stronger alpha-gamma coupling in the auditory 

cortex compared to older adults; according to the above research, this may support strong 

working memory performance in younger adults, with reduced alpha-gamma coupling in 

older adults' auditory cortex being a potential indicator of weaker working memory. Further 

research is required in this interesting area to explore how the positive and negative 

relationships in alpha-gamma coupling may both support working memory processes across 

sensory domains (Mo et al., 2011). 

  It is also important to note that studies which have found inverse relationships 

between alpha and gamma, and concluded that alpha-gamma coupling reflects the top-down 

modulation of sensory processing, have focussed on conducting phase-amplitude coupling 

analyses, as opposed to the power-power coupling analyses conducted in the current study. 
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Phase-amplitude coupling analyses have indicated that the phase of alpha oscillations can 

modulate the amplitude of gamma oscillations, predominantly within the visual system. That 

is, when alpha power increases, this is associated with stronger suppression of gamma power 

in the alpha trough (Bonneford & Jensen, 2015). Power-power analyses remain a valid and 

useful way of investigating cross-frequency coupling, providing advantages for characterising 

the overarching structure of interactions between different frequency bands (Menceloglu et 

al., 2020); however, perhaps the improved temporal precision of phase-amplitude coupling 

analyses (Menceloglu et al., 2020) could uncover more about how alpha and gamma 

oscillations may interact to support the top-down modulation of sensory processing during 

speech perception.  

Furthermore, as mentioned, much of the investigation into the role of alpha-gamma 

coupling in modulating sensory processing has taken place within the visual domain; despite 

the well-established role of alpha activity in functional inhibition, perhaps alternative 

frequency bands may interact with gamma activity within the auditory domain. For example, 

a growing amount of evidence has identified coupling between theta (3-7Hz) and gamma 

oscillations within the auditory cortex as a key mechanism involved in speech perception, with 

syllabic tracking mechanisms, as indexed by theta phase, modulating phonemic sampling 

across time, as indexed by gamma amplitude (Giraud & Poeppel, 2012; Hyafil et al., 2015; 

Lizarazu et al., 2023). Not only is theta-gamma coupling implicated in these bottom-up 

components of speech perception, but there is also evidence to suggest that theta-gamma 

interactions are associated with working memory performance (Canolty et al., 2006; Biel et 

al., 2021; Bahramisharif et al., 2018; Abubaker et al., 2021), particularly in parietal and frontal 

brain regions. Specifically, working memory retrieval is believed to occur during theta peaks, 

whereas working memory encoding occurs within theta troughs (Rizzuto et al., 2006; 
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Abubaker et al., 2021). Taken together, whilst analyses of alpha activity remains an incredibly 

important line of investigation in uncovering how attentional and working memory 

mechanisms support speech perception, it is clear that the role of all neural oscillations in 

cognitive and memory processes must be examined (Hsieh & Ranganath, 2014; Abubaker et 

al., 2021), in order to build a comprehensive account as to how task-relevant speech is 

attended to and maintained, whilst distracting speech is inhibited.  

 

Directions for future research and clinical implications 

Crucially, the finding that alpha-TMS can modulate parietal and auditory alpha power may 

have important therapeutic implications, particularly with regards to improving the speech 

perception abilities of older adults. For example, brain stimulation has already been effectively 

implemented in clinical practice to treat conditions like depression (Perera et al., 2016; 

Fitzgerald et al., 2020), and recent technological advances have enabled the treatment of 

depression via brain stimulation to take place at patients' own homes (Woodham et al., 2023; 

Sobral et al., 2022; Flow Neuroscience, 2024). Whilst these treatments are still in their clinical 

infancy, it raises the question of whether the same principles of brain stimulation can be 

applied to hearing health. For example, if alpha-TMS can entrain parietal and auditory alpha 

oscillators, perhaps hearing technology companies can develop a wearable brain stimulation 

device that can deliver TMS pulses to auditory and parietal brain regions, for use by older 

adults who may experience increased difficulties in inhibiting distracting speech. Future 

research should focus on establishing causal brain-behavioural links between alpha 

entrainment and improved inhibitory abilities during speech perception to support the 

development of such technologies, in the hope that TMS can be used as a therapeutic 

intervention to strengthen speech perception in older adults. In everyday life settings, this 
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may improve an older adult's ability to suppress the processing of distracting, task-irrelevant 

auditory information that may impede their speech perception abilities.  

 

6.7. Conclusion 

To conclude, age-related changes in auditory working memory and attentional control can 

have a significant impact on an older adult's ability to perceive speech. However, in the current 

study, older adults and younger adults produced a similar behavioural performance in an 

irrelevant speech paradigm; this may be reflective of the compensatory neural mechanisms 

relied upon by older adults to perceive speech, despite any age-related declines in sensory 

processing or top-down attentional control. Potential differences in listening effort and 

motivation levels between age groups were also discussed. In contrast to the behavioural 

data, analyses of parietal and auditory alpha power revealed differences between younger 

and older adults across experimental conditions. Crucially, this study demonstrated that TMS, 

set at a participant's individual alpha frequency, is capable of entraining alpha oscillators in 

parietal and auditory brain regions to boost alpha activity. Future research paradigms could 

focus on implementing TMS with different behavioural tasks, to uncover the functional effects 

that entraining alpha oscillations in domain-general or domain-specific brain regions may have 

on the top-down mechanisms involved in speech perception. It is also important to continue 

to investigate how alpha activity may interact with oscillations in different frequency bands, 

such as gamma activity, to develop our understanding of the interplay between bottom-up 

sensory processing and top-down auditory working memory during speech perception. 

Investigating these brain-behaviour links could have important implications for our 

understanding of how alpha activity may change as a function of healthy ageing, and whether 
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neuromodulation can be used to improve the speech perception abilities of older adults in 

their everyday lives.  
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7. General Discussion 
 

7.1. Summary of studies 

Age-related changes in the top-down and bottom-up mechanisms of multisensory integration 

– such as temporal processing and attentional control – are believed to significantly affect an 

older adult's perception of, and navigation through, their environment (Talsma et al., 2010; 

Mozolic et al., 2008; Bedard & Barnett-Cowan, 2016). Namely, weaker top-down modulation 

of audiovisual processing may be associated with both their difficulties in speech perception 

(Getzmann et al., 2016; Getzmann et al., 2017) and balance maintenance (Ozdemir et al., 

2018; Edwards et al., 2018). Given our increasingly ageing population, it is imperative that 

cognitive neuroscientists develop a deeper understanding of how the efficacy of these 

attentional mechanisms may decline as a function of healthy ageing. The most comprehensive 

understanding will come from identifying the neural correlates of the perceptual and cognitive 

mechanisms involved in multisensory processing, and comparing how these differ between 

younger and older adults. From this, treatments and interventions could be explored to 

strengthen attentional control and improve the accuracy of multisensory integration in older 

adults, in a bid to improve older adults’ perception of our dynamic, everyday environments. 

This thesis investigated how the cognitive and perceptual mechanisms involved in 

multisensory integration change as a function of healthy ageing, how this is reflected in 

oscillatory neural activity, and the impact of such changes on an older adult's speech 

perception and balance abilities.  

 Chapter 2 provided a detailed overview of the existing research surrounding the age-

related changes in the bottom-up, perceptual mechanisms and top-down, cognitive 
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mechanisms involved in multisensory integration. Crucially, it was postulated that a key neural 

correlate underlying these changes – particularly with regards to attentional control – could 

be oscillations in the alpha-band frequency. The interplay between top-down attentional 

control and the bottom-up concept of the temporal binding window was investigated further 

in Chapters 3 and 4. A particular focus was placed on uncovering how this attentional filtering 

of incoming sensory information may be reflected by age-related changes in alpha activity, 

and whether increased alpha activity reflected stronger inhibition of task-irrelevant sensory 

information.  

Through identifying the shared top-down and bottom-up mechanisms involved in 

audiovisual speech perception and balance maintenance (Chapter 2), a comprehensive 

account was developed as to the significant real-world impact that these changes can have on 

an older adult's quality of life. That is, less accurate multisensory perception in older adults 

could be a fundamental contributor to both their weaker speech perception abilities (Chapter 

5, Chapter 6) and increased risk of falls (Chapter 4, Chapter 5). It is important to note that in 

our everyday lives, it is rare that a multisensory task is completed in isolation – attentional 

resources are often competed for, and must be divided effectively between tasks for successful 

performance in each. As such, Chapter 5 investigates how younger and older adults may 

allocate attentional resources during audiovisual speech perception and balance, and whether 

this allocation is reflected in fluctuations in neural alpha activity.  

In previous research, the functional role of neural alpha activity in attentional control 

has been investigated during behavioural tasks in which relevant sensory information must be 

attended to, and irrelevant sensory information must be inhibited (Wostmann et al., 2017; 

Dimitrijevic et al., 2017). Chapters 4-6 of this thesis revealed interesting findings regarding 
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how these patterns of alpha activity and selective attention abilities change with healthy 

ageing. In order to draw causal links between alpha activity and attentional control during 

sensory processing, Chapter 6 implemented a TMS-EEG paradigm to entrain alpha oscillators 

in parietal and auditory brain regions, to assess whether enhancing alpha activity can improve 

younger and older adults' ability to attend to relevant auditory information and inhibit 

distracting speech. 

Crucially, whilst the previous research detailed in Chapter 2 appears to cast a rather 

negative light on the impact that age-related changes in multisensory integration may have 

on older adults' perception and action, this thesis may provide a promising indication that 

healthy ageing may not have as detrimental an impact on veridical perception as some may 

think (Chapter 5, Chapter 6). That is, older adults may employ compensatory strategies to 

preserve their ability to perceive speech and maintain balance, despite challenges such as 

age-related hearing loss, weaker inhibition, and neurodegeneration of subcortical balance 

centres. 

This general discussion will summarise the key findings of each of the earlier chapters 

in this thesis, identifying the important contributions of these findings in furthering our 

understanding of age-related changes in multisensory processing, and the real-world 

implications for perception and action in the everyday lives of older adults.  
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7.2. Top-down modulation of multisensory integration across the 

lifespan. 

7.2.1. Summary of main findings 

In Chapters 3 and 4, we investigated whether top-down attentional control could narrow the 

width of the temporal binding window (Donohue et al., 2015; Powers et al., 2012) in younger 

and older adults. In both chapters, it was found that older adults displayed increased 

multisensory integration (i.e. weaker attentional control) compared to younger adults, even 

when the stimuli were within the focus of attention. Whilst we were unable to draw specific 

conclusions regarding the age-related changes in the width of the temporal binding window, 

our findings support previous research indicating that older adults exhibit weaker inhibition 

of task-irrelevant sensory information (Lustig et al., 2007; Pichora-Fuller et al., 2017; Hasher 

et al., 2007), which results in increased, less accurate multisensory integration. Furthermore, 

in Chapter 5, we investigated how attentional resources are flexibly allocated between two 

concurrent multisensory tasks, and how this reallocation may change as a function of healthy 

ageing – data indicate that whilst older adults do exhibit differences in dual-task attentional 

control compared to younger adults, speech perception and balance performances may be 

preserved with healthy ageing, potentially due to an increased reliance on compensatory 

strategies. Finally, in Chapter 6, we explored whether entraining alpha oscillators could 

enhance the top-down ability to attend to relevant stimuli and inhibit distracting stimuli. We 

found that TMS could effectively modulate alpha activity in parietal and auditory brain 

regions; however, further research is required to uncover the functional relevance of such 

modulations on the ability to inhibit task-irrelevant information, and how this ability is 

affected by increasing age. Taken together, this thesis provides valuable contributions to the 
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literature surrounding the role of attentional control in multisensory processing, and indicates 

that younger and older adults may exhibit differences in attentional control during everyday 

multisensory tasks like speech perception and balance maintenance.  

 

7.2.2. Weaker attentional control in older adults? Behavioural evidence 

The literature review conducted in Chapter 2 identified age-related declines in top-down 

attentional control as a significant contributor to the increased multisensory integration 

experienced by older adults, which may negatively impact performance in everyday tasks like 

speech perception (Dey & Sommers, 2015; Campbell et al., 2020) and balance maintenance 

(Lajoie et al., 1993; Stapleton et al., 2014). Specifically, older adults may find it more difficult 

than younger adults to inhibit distracting, task-irrelevant information, which would result in a 

less accurate perception of their environment (Lustig et al., 2007).  

For example, when successful task performance requires the inhibition of task-

irrelevant auditory information, older adults may experience increased difficulty in 

suppressing these sensory inputs and segregating them from concurrent visual stimuli (Fabiani 

et al., 2006; Stothart & Kazanina, 2016). Chapters 3 and 4 supported this theory; when 

processing low-level visual and auditory stimuli in the stream-bounce task, older adults 

exhibited weaker top-down attentional control compared to younger adults and increased, 

less accurate multisensory integration. However, in Chapters 5 and 6, more complex speech 

stimuli were implemented in the task; under these conditions, younger and older adults 

showed no behavioural difference in their ability to inhibit distracting information, producing 

similar perceptual performances. This highlights how the study of age-related changes in 
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multisensory processing may be task dependent, particularly with regards to the complexity 

of the stimuli implemented (Bedard & Barnett-Cowan, 2016; Barutchu et al., 2019).  

Perhaps in Chapters 5 and 6, older adults were familiar with the challenge of having to 

perceive speech in noisy listening environments, due to their exposure to such scenarios in 

everyday life. That is, older adults may have been able to effectively engage the cognitive 

strategies that they regularly practice in everyday life speech perception (e.g. increased 

recruitment of cortical resources, increased reliance on semantic context; Arlinger et al., 

2009), applying these skills to the laboratory-based tasks and producing a strong behavioural 

performance. In contrast, the stream-bounce stimuli implemented in Chapters 3 and 4 were 

more abstract and not encountered in everyday settings; these lower-level stimuli may have, 

instead, allowed for the behavioural detection of age-related changes in the attentional 

modulation of temporal processing. Indeed, in previous research implementing simple tasks 

like the sound-induced flash illusion (Setti et al., 2023; Hernandez et al., 2019; Hirst et al., 

2019), age-related changes in audiovisual processing have been apparent (however, see 

Hugenschmidt et al., 2009). Taken together, this thesis may provide a promising indication that 

despite the fact that attentional control may weaken with healthy ageing, it may not be as 

maladaptive for veridical perception as has previously been indicated (Pichora-Fuller et al., 

2017; De Dieuleveult et al., 2017; Zhang et al., 2020). However, given that the study of age-

related changes in multisensory integration may be susceptible to the effects of task-

dependency (Barutchu et al., 2019), perhaps the tasks and measures implemented in Chapters 

5 and 6 were not sensitive enough to detect differences in attentional processing between 

younger and older adults; this is explored further in the limitations section of this discussion. 

Taken together, it is clear that further research is required to explore the conditions under 

which younger and older adults may exhibit differences in the top-down modulation of 
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sensory information, in order to build a complete account as to how these differences may 

manifest in everyday life.  

 

7.2.3. Implications: interventions for speech perception and balance maintenance across 

the lifespan 

A key investigation throughout this thesis was to explore how age-related changes in top-

down attentional control could be an underlying factor in the increased, less temporally 

precise multisensory integration exhibited by older adults. Whilst the ability to attend to 

target sensory information appears to be preserved in older adults (Talsma et al., 2006; 

Getzmann et al., 2016), the inhibitory functions associated with top-down attentional control 

may be weakened with healthy ageing (Getzmann et al., 2016), with older adults finding it 

more difficult than younger adults to suppress task-irrelevant inputs. Fractionating this notion 

of attention to relevant inputs and inhibition of irrelevant inputs remains key in future 

research, particularly with regards to how the functional role of alpha activity may manifest 

in each mechanism. Indeed, core models in attentional theory such as those posited by Hasher 

et al. (1991), Neumann & DeSchepper (1991) and Tipper (1985; 1991) identify that separate 

and distinct excitatory and inhibitory mechanisms within selective attention work in tandem 

during the processing of relevant and irrelevant information. From this, it would be reductive 

to argue that top-down attentional control, as a whole, deteriorates with healthy ageing, 

when findings of Chapters 4, 5 and 6 support the argument that older adults may adopt 

compensatory strategies (e.g. increased facilitation of attention towards target stimuli; 

Wostmann et al., 2015; Herrmann et al., 2022; Ozdemir, 2016) to preserve cognitive or motor 

performance despite declines in inhibition. This compensatory approach is explored further 

later in this discussion. Future research should continue to build on the findings of this thesis, 
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manipulating bottom-up temporal elements of both low-level and high-level multisensory 

stimuli and investigating how top-down attentional and inhibitory mechanisms can coordinate 

to modulate the processing of such stimuli. Fundamentally, the study of how this interplay 

differs between younger and older adults is crucial in determining its combined impact on an 

older adult's perception and action.  

A more comprehensive understanding of the role of top-down attentional mechanisms 

in the modulation of multisensory integration could have a significant impact on the 

treatments and interventions designed to improve an older adult's ability to a) perceive 

speech in adverse listening conditions and b) reduce risk of falls when balance is 

compromised. For example, whilst it is agreed that speech-in-noise perception can be 

improved by increasing attention to target speech and inhibiting the distracting effects of 

background noise (Bieber & Gordon-Salant, 2021), there is discourse with regards to the most 

effective approach to achieve this. Auditory training paradigms have aimed to improve the 

recognition of target speech amongst distractors. For example, word-level training consists of 

focusing attention on isolated words in the hope that this improves participants’ ability to 

recognise these words in noise (Burk & Humes, 2007; Burk & Humes, 2008; Bieber & Gordon-

Salant, 2021); in contrast, sentence-level training involves focusing attention on acoustic and 

contextual cues in running speech (Sweetow & Sabes, 2006; Bieber & Gordon-Salant, 2021). 

Whilst these training paradigms can result in improved task performance in older adults, such 

learning may be limited to improvements in the specific training stimuli implemented (Bieber 

& Gordon-Salant, 2021), and therefore may not generalise to improve speech-in-noise 

perception of untrained everyday stimuli. In other words, whilst such paradigms may elicit 

near-transfer effects in older adults, far-transfer outcomes in real-world contexts have been 

less successful (Zelinski et al., 2009; Barnett & Ceci, 2002). 



 

Chapter 7   267   

   

The findings of this thesis would, instead, support the notion that combined auditory-

cognitive training paradigms may be the most effective approach to improve the speech 

perception of older adults. For example, by taxing cognitive load and subsequently 

strengthening auditory working memory (Gordon-Salant & Cole, 2016; Schurman et al., 2014) 

and attentional control (Whitton et al., 2014), older adults after training may be better 

equipped to transfer the skills that they have learned to improve their processing of untrained 

speech stimuli (Bieber & Gordon-Salant, 2021). For example, Anderson et al. (2013) 

implemented an auditory-cognitive training paradigm which aimed to improve the temporal 

precision of speech-in-noise processing. Older adults with hearing loss participated in an 8-

week program, in which the duration of formant transitions for consonant-vowel components 

was adaptively contracted and exaggerated; participants learned to perceive these transitions 

across a range of exercises designed to increase cognitive load during the listening task, such 

as discriminating between similar syllables, remembering details from stories, or repeating 

back syllable and word sequences (Anderson et al., 2013). The older adults who completed 

this training exhibited improvements in memory performance, processing speed and speech-

in-noise perception, as well as faster neural timing, compared to the control group. Such 

auditory-cognitive training protocols therefore appear effective in improving age-related 

declines in temporal precision through strengthening top-down cognitive mechanisms, which 

in turn may support performance in tasks like speech-in-noise perception (Anderson et al., 

2013).  

Focussing on strengthening cognitive function through these kinds of training 

paradigms is also highly likely to be effective in improving balance maintenance in older adults. 

Indeed, physiotherapy techniques such as gait training and leg strengthening exercises have 

only been moderately successful in reducing fall risk (Parry et al., 2008; Merriman et al., 2015), 



 

Chapter 7   268   

   

suggesting that there may be a missing element required in the design of treatments to 

stabilise balance in older adults. Chapter 4 provided support for the key role of attentional 

control in balance maintenance, and indicated that this relationship may change with healthy 

ageing; from this, it would be reasonable to suggest that combined cognitive-motor training 

to strengthen the attentional control of older adults could reduce fall risk (van het Reve & de 

Bruin, 2014; Smith-Ray et al., 2015). For example, Barban et al. (2017) detailed a large-scale 

study in which a sample of older adults completed motor training, involving balance and gait 

exercises, as well as cognitive training, involving working memory, selective attention and 

sustained attention tasks. Compared to older adults who only completed cognitive training or 

only completed motor training, the combined cognitive-motor group exhibited maximal 

benefits in both mobility and auditory verbal memory immediately after training. The authors 

therefore highlighted that there is a strong relationship between attentional mechanisms and 

gait and balance performance (Barban et al., 2017), supporting the notion that both elements 

should be focussed upon in cognitive-motor training paradigms to improve balance 

maintenance.  

Indeed, Chapters 4 and 5 indicated that older adults may rely upon increased 

attentional resources for balance maintenance compared to younger adults; improving a fall-

prone older adult's ability to flexibly reallocate attentional resources towards balance, as well 

as their ability to inhibit task-irrelevant information which may detract from these resources, 

could be an effective technique to support balance maintenance. It is important that these 

kind of paradigms are tested in randomised control trials before being implemented as 

potential interventions to improve speech perception and balance in older adults. 

Nevertheless, the findings of this thesis indicate that age-related deficits in attentional control 

could be an underlying factor in the weaker speech perception performance and increased 
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risk of falls in older adults; therefore, it would be reasonable to target attentional control as 

the core mechanism to strengthen during any treatments or interventions to improve older 

adults' performance in these tasks.   

 

7.3. Neural correlates of age-related changes in attentional control 

during multisensory processing. 

7.3.1. Summary of main findings 

Unravelling the complex role of oscillatory alpha activity in attentional control during 

multisensory processing was a key aim of this thesis, particularly with regards to how such 

activity differs between younger and older adults. As highlighted in Chapter 2, alpha activity 

has been investigated in relation to both speech perception and balance maintenance, often 

using groups of younger adult participants; however, more research is required to understand 

how age-related changes in attentional control are reflected in alpha activity. Given that both 

speech perception and balance maintenance may decline with healthy ageing, this thesis 

aimed to address how fluctuations in alpha activity during each task may differ between 

younger and older adults.  

Chapters 4, 5 and 6 contributed to the literature suggesting that alpha power is a key 

underlying neural correlate in top-down attentional control – a significant interaction between 

age and balance ability predicted alpha activity in Chapter 4; significant decreases in fronto-

central alpha activity in clear listening environments was found in Chapter 5; and increases in 

parietal alpha activity during the inhibition of distracting speech high in acoustic detail was 

found in Chapter 6. However, the role of alpha activity in modulating audiovisual integration, 
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specifically, requires further research, as Chapter 4 revealed that increases in alpha power did 

not predict the extent of multisensory integration within the task. Crucially, it was important 

to investigate whether there is anything that we can do, as neuroscientists, to improve 

attentional control in older adults; Chapter 6 illustrated that entraining alpha oscillators using 

non-invasive brain stimulation could enhance alpha activity in parietal and auditory brain 

regions. Whilst this enhancement did not result in changes in auditory working memory 

during speech perception, it is an important indication that TMS can be used to modulate 

oscillatory alpha activity. It is hoped that these findings will support the implementation of 

TMS in future paradigms to improve an older adult's ability to attend to relevant sensory 

stimuli and inhibit task-irrelevant stimuli, through enhancing alpha activity. The following 

sections will discuss the importance of studying alpha activity in relation to age-related 

changes in the top-down modulation of sensory processing, and what we can infer with 

regards to the role of alpha activity in speech perception and balance maintenance.  

 

7.3.2. Role of alpha activity in attentional control and inhibition 

This thesis has cast light on how increases and decreases in alpha power in different brain 

regions may coordinate to filter the influx of sensory information experienced in everyday life, 

and how alpha activity may be able to reflect the allocation of attentional resources between 

concurrent multisensory tasks. Chapter 2 provided a detailed discussion surrounding how 

neural oscillations in the alpha band have been studied previously with regards to the 

inhibition of task-irrelevant sensory information. This is particularly important in real-world 

scenarios such as speech perception, wherein successful performance is dependent on the 

suppression of distracting background noise (Pichora-Fuller et al., 2017; Getzmann et al., 
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2015). The findings of Chapter 6 supported previous research conducted by Wostmann and 

colleagues; in conditions where parietal cortex was stimulated, parietal alpha activity was 

highest when distracting information was high in acoustic detail; higher alpha power may 

reflect the increased effort required to suppress this task-irrelevant speech (Wostmann et al., 

2017). In addition, older adults within this task produced a greater parietal alpha power than 

younger adults when attending to relevant speech and inhibiting distracting speech, 

potentially indicative of the increased cognitive resources required to do so (Peelle et al., 

2010; Getzmann et al., 2015). Taken together, we have provided support for the theory that 

increases in alpha power may reflect the increased inhibition of task-irrelevant, distracting 

information, and our findings indicate that these patterns of alpha activity may change as a 

function of healthy ageing.  

 Whilst increases in alpha activity reflect increases in inhibition, decreases in alpha 

activity reflect increased neural activation (Shaw et al., 2018). This may be particularly 

important in relation to fall risk in older adults; due to the age-related deterioration of 

sensorimotor tracts responsible for automatic balance, it is believed that older adults display 

an increased reliance on cortical brain regions and higher-level cognitive resources to maintain 

balance (Ozdemir et al., 2018; Edwards et al., 2018). The findings of Chapter 4 provided 

support for this, in that increased parieto-occipital alpha power (i.e. increased inhibition) was 

associated with stronger balance ability in older adults. It is likely that increased inhibition 

allows for an increased availability of attentional resources to maintain balance, in line with 

the gating-by-inhibition theories of alpha activity (Jensen & Mazaheri, 2010). In Chapter 5, 

whilst no significant differences in fronto-central alpha activity were found between easy and 

challenging stance conditions, the significant main effect of listening condition may indicate 

how relying on external auditory or visual cues in the environment can serve as an "anchor" 
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to stabilise postural sway (Deviterne et al., 2005). Once again, these could be just two 

examples of the potential strategies developed by older adults to preserve their motor 

performance and reduce fall risk. However, it is also important to acknowledge the high 

physical and cognitive abilities of older adults in each chapter of this thesis, which may 

significantly improve their ability to flexibly adopt such strategies – the implications for the 

generalisability of these findings are explored later in the discussion.   

 

7.3.3. Implications: Neuromodulation as a tool to investigate the functional role of neural 

oscillations 

Analysing EEG data can provide valuable insights into the role of alpha activity during the top-

down modulation of multisensory integration. A key finding of Chapter 6 is that TMS may be 

an effective technique to entrain alpha oscillators in different brain regions. We found that 

stimulating parietal and auditory brain regions at each participant's individual alpha frequency 

could enhance alpha activity in each of these regions. This is important because if some older 

adults experience weaker attentional control compared to younger adults, and if these 

attentional deficits may be reflected in oscillatory alpha activity, then neuromodulation could 

be used as a potential intervention to boost alpha activity in these older adults, improving 

their ability to attend to relevant information and inhibit irrelevant information (Wostmann et 

al., 2015; Wostmann et al., 2017). For example, the scaffolding theory of cognitive ageing 

(Reuter-Lorenz & Park, 2014) suggests that non-invasive brain stimulation techniques like TMS 

could enhance neural "scaffolding" – specifically, neuromodulation can be used to increase 

brain activity, recruit alternative brain regions, and generate new neurons, directly influencing 

brain structure and function by enhancing functional connectivity (Reuter-Lorenz & Park, 

2014; Oosterhuis et al., 2023).  
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Based on this, perhaps brain stimulation could serve as an effective intervention to 

promote the use of compensatory brain mechanisms and improve cognitive performance in 

older adults who may have exhibited attentional deficits before stimulation (Perceval et al., 

2020; Oosterhuis et al., 2023). The "gold standard" of such applications would perhaps 

manifest as portable brain stimulation devices which can entrain neural oscillations without 

participants attending a lab session (as has previously been implemented as a treatment for 

depression; Woodham et al., 2023; Sobral et al., 2022). This has the potential to improve an 

older adult's ability to attend to relevant speech and inhibit distracting speech in everyday 

conversational environments. However, before the utility of such technology is explored, 

further research is required to determine the functional relevance of entraining alpha 

oscillators in auditory working memory and attentional control, as the neural changes induced 

in Chapter 6 were not reflected in a significant behavioural enhancement, likely due to a lack 

of sensitivity with regards the behavioural measure used.  

It is also important to note that some discourse remains in the literature with regards 

to where alpha activity may originate during speech perception – from domain-general brain 

regions associated with the attentional network (Wostmann et al., 2017), or from domain-

specific auditory areas associated with speech processing (Dimitrijevic et al., 2017). As such, 

alongside therapeutic interventions, TMS should continue to be implemented in research 

paradigms designed to unpick the functional origins of alpha activity within the brain. Our 

findings from Chapter 6 provide support for the former argument; parietal alpha activity was 

enhanced in the most distracting listening conditions when the parietal cortex was stimulated, 

which may indicate the role of parietal alpha activity in inhibition. Whilst such modulations in 

alpha activity did not appear to impact behavioural responses, these findings can provide 

valuable contributions to the literature surrounding the fluctuations in alpha activity during 
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complex sensory processing like speech perception, and can serve as a basis for future 

research investigating the how such fluctuations may impact attention and inhibition.  

 

7.4. Cognitive flexibility and compensatory strategies to preserve 

multisensory function in healthy ageing. 

7.4.1. Summary of main findings 

The literature review conducted in Chapter 2 portrays a rather negative outlook as to how the 

accuracy of multisensory integration may deteriorate across the lifespan, with older adults 

experiencing difficulties in speech perception and balance maintenance as a result of less 

modulated sensory processing. Whilst the findings of this thesis support the notion that older 

adults may experience difficulties in inhibiting task-irrelevant, distracting information, 

behavioural data from Chapters 5 and 6 indicate that speech perception and balance may be 

preserved despite this. Indeed, in Chapter 5, both younger and older adults produced a similar 

speech perception performance in noisy listening environments; interestingly, preliminary 

data indicate that older adults' speech perception actually improved when cognitive load 

increased due to a challenging balance task. In addition, in Chapter 6, younger and older adults 

appeared equivalent in their ability to attend to and retain task-relevant speech and suppress 

distracting speech. Here, we will explore potential reasons for the strong behavioural 

performance of the older adult participants in this thesis; the theories surrounding 

compensatory strategies that older adults could employ to preserve multisensory function, in 

spite of age-related declines in attentional control, are discussed.  

 



 

Chapter 7   275   

   

7.4.2. Cognitive function in older adults: Cognitive Reserve theory  

It is important to note that the older adult participants recruited in each chapter of this thesis 

appear to lie at the higher end of the cognitive ability spectrum. Whilst it was a prerequisite 

that all older adults had to be cognitively healthy (i.e. no evidence of mild cognitive decline, 

no history of psychological disorders), the observation that older adults produced a similar 

behavioural performance to younger adults in Chapters 5 and 6 of this thesis, in particular, 

suggest that they had stronger attentional control mechanisms than perhaps would be 

expected from this age group, based on previous literature (Hasher et al., 2007; Fabiani et al., 

2006; Stothart & Kazanina, 2016).  

One potential explanation for the individual differences in cognitive function between 

older adult participants could be found within the Cognitive Reserve theory of ageing (Stern 

et al., 2020; Oosterhuis et al., 2023). This theory postulates that lifestyle factors, such as 

educational, social, cognitive and physical activities, lead to the accumulation of "cognitive 

reserve", which increases cognitive flexibility by facilitating the use of alternative cognitive 

strategies, strengthening existing brain networks or recruiting different brain regions entirely 

(Stern et al., 2020; Oosterhuis et al., 2023). In the context of the current thesis, not only would 

older adults with high cognitive reserve evidence an improved ability to allocate attentional 

resources between two concurrent tasks (Chapter 5), but it may also enable the adoption of 

compensatory approaches to inhibit distracting speech in difficult listening environments, or 

stabilise postural control under challenging balance conditions (Chapters 5 and 6). Whilst the 

exact cognitive strategies enabled by cognitive reserve are still unknown, some researchers 

have suggested that cognitive reserve can counteract the age-related declines in attentional 

control and working memory resources (Oosterhuis et al., 2023; Lojo-Seoane et al., 2020). It 

follows that older adults with high cognitive reserve could exhibit enhanced processing speed, 
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stronger inhibitory control and/or attentional processes, in order to improve more global 

cognitive abilities (Lojo-Seoane et al., 2020; Oosterhuis et al., 2023).  

Although cognitive reserve was not measured in this thesis, there is strong evidence 

to suggest that the older adult participants within each chapter possessed high levels of 

cognitive reserve. For example, the majority of older adult participants were recruited via the 

Centre for Ageing Research at Lancaster University and the University of the Third Age – 

continued learning groups who are motivated to remain engaged in education, participate in 

research and learn more about the ageing process. Furthermore, Chapters 4 and 5 collected 

detailed information with regards to the physical activity levels of participants and their 

balance confidence – older adults' scores on each of these measures were not significantly 

different from (Chapter 4) or even greater than (Chapter 5) that of younger adults, highlighting 

the high physical fitness of the older adult samples. Taken together, it is reasonable to infer 

that the older adults in our sample would constitute people with high levels of cognitive 

reserve, despite not calculating a formal cognitive reserve score. This could be a key reason 

underlying any lack of behavioural differences between younger and older adults in each 

chapter of this thesis – even if age-related declines in the top-down modulation of sensory 

processing are present in the older adult samples, perhaps high cognitive reserve levels 

facilitated the use of compensatory strategies to preserve speech perception and balance 

maintenance performances. 

 

7.4.3. Cognitive function in older adults: Motivational factors 

Alongside cognitive reserve theories of ageing, a large section of discussion in the second half 

of this thesis surrounded how the high motivation levels of older adult participants may have 
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impacted the findings, which could result in the portrayal of older adults having stronger-than-

expected cognitive and physical abilities. Previous research has explored these potential 

biases present in ageing research along the lines of stereotype threat (Hess et al., 2003; 

Barber, 2017; Ryan & Campbell, 2021). Stereotype threat describes the phenomenon whereby 

previous preconceptions or exposure to a negative stereotype (e.g. weaker balance ability in 

older adults, worse hearing in older adults, problems with memory in older adults) can hinder 

performance these tasks, providing an inaccurate representation of an older adult's true 

abilities (Ryan & Campbell, 2021). Whilst stereotype threat is certainly a valid issue in 

neurocognitive studies into ageing and one which must be given due consideration in future 

research, this thesis may support an alternative stance. That is, highly motivated older adults 

may be aware that such negative ageing stereotypes exist, and subsequently engage increased 

cognitive resources during an experimental task to avoid confirming these stereotypes, 

resulting in a strong perceptual performance (Todd Maddox & Markman, 2012). Furthermore, 

aside from stereotype threat, intrinsic motivational differences are likely to exist between 

younger and older adults, in terms of affect and engagement in the task. For example, older 

adults are often interested in participating in research to understand more about their own 

brain health, and are motivated to produce a strong performance in order to maintain a 

positive view of their cognitive ability (Carstensen et al., 1999; Hess, 2014; Ryan & Campbell, 

2021); this is not a major concern for younger adults, who may be motivated to participate to 

receive payment or course credit (Ryan & Campbell, 2021). As such, previous research 

suggests that older adults may possess a higher baseline motivation level compared to 

younger adults, resulting in a strong performance across experimental tasks.  

Taken together, given that the older adults in each chapter of this thesis were highly 

motivated to participate in research studies, enthusiastic about their experience and eager to 
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learn more about their cognitive health, perhaps any non-significant differences between 

younger and older adults were due to older adults being highly motivated to "prove" their 

speech perception and balance abilities (Ryan & Campbell, 2021). Whilst this is a positive 

indication of how older adults may approach the challenges associated with ageing, these 

motivational factors should be taken into account in future research when explaining why 

behavioural performance may be preserved in our ageing population, despite neural data 

suggesting age-related changes in cognitive control.  

 

7.5. Thesis challenges and considerations for future research.  

A limitation of this thesis, particularly with regards to the seemingly high cognitive and 

physical ability levels of the older adults in our samples, was a lack of composite measures of 

cognitive reserve throughout each study. Indeed, as discussed, many external lifestyle factors 

can contribute to the ability to utilise alternative cognitive strategies and flexibly allocate 

attentional resources across the lifespan (Reuter-Lorenz & Park, 2023). As such, details such 

as a participant's education levels, employment history and socialisation could have been 

collected (Oosterhuis et al., 2023), to calculate an overall cognitive reserve score which may 

have moderated the top-down attentional control exhibited by older adults. This would have 

allowed us to conclude, with more confidence, that any non-significant differences found 

between younger and older adults in this thesis may be due to the high cognitive functioning 

of our older adult samples. However, it is important to note that each older adult was screened 

for mild cognitive impairment and psychological conditions, so in this respect, we can be 

confident that our samples of older adults were 'healthy'. Furthermore, as mentioned 

previously, the high physical ability levels of the older adults in our samples, as well as the 
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majority being involved in continued learning groups, suggests that the cognitive reserve 

levels of the older adults in this thesis were towards the higher end of the spectrum.  

Following from this, a further limitation could be the fact that if the older adults in our 

sample were so highly-functioning, they may not be representative of the entire population 

as to how age-related changes in multisensory processing manifest across all older adults. For 

example, chapters in this thesis measured the pure-tone audiometry thresholds of 

participants, and no participants were deemed to have moderate-severe hearing loss. This 

was a valid eligibility criterion to implement in these studies as we were interested in 

measuring the cognitive mechanisms behind sensory processing; however, such restrictions 

on participation omit a large proportion of the population due to the frequency of hearing 

loss in this age group. It would be an interesting direction for future research to uncover how 

the attentional modulation of multisensory integration differs between older adults with 

normal hearing and older adults with hearing loss, particularly with regards to how task-

irrelevant sensory information is inhibited and how this is reflected in alpha activity. Perhaps 

older adults with hearing loss would exhibit lower alpha activity; Alhanbali et al. (2022) 

implemented a digits-in-noise task and reported a negative correlation between pre-stimulus 

parietal alpha power and PTA thresholds, even when participants with hearing loss wore 

hearing aids. The researchers suggested that this negative relationship may reflect supra-

threshold processing deficits in older adults with hearing loss (Alain et al., 2014), which are 

not restored through hearing aid amplification (Kortlang et al., 2016; Alhanbali et al., 2022). 

These investigations are important in building an inclusive account of how age-related 

changes in alpha activity occur in both normal hearing older adults and older adults with 

hearing loss, whose difficulties in tasks like speech perception may be exacerbated by the joint 

impact of supra-threshold processing deficits as well as age-related attentional declines.  
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Throughout this thesis, when physical ability and balance confidence were measured, 

there was either no difference between younger and older adults (Chapter 4), or older adults 

were actually more physically active than our younger adult sample (Chapter 5). Once again, 

this is highly unlikely to be representative of the entire population, who may experience 

physical frailty that comes from age-related muscle loss, medical conditions such as arthritis 

and joint pain, or a general lack of physical activity that comes with a sedentary lifestyle. In 

addition, it is important to note that there is a lack of ethnic and cultural diversity across 

ageing research, with the majority of older participants in this thesis belonging to WEIRD 

populations (White, Educated, Industrialised, Rich Democracies). Taken together, these factors 

may further limit the generalisability of findings with regards to how people from different 

facets of society may be impacted by age-related changes in multisensory integration (Rolison, 

2024). Whilst recruitment in this thesis was limited by time and financial constraints, future 

research should ensure that the older adults recruited for each study represent each strata of 

the population, in terms of hearing health, cognitive function, physical ability, and additional 

measures of cognitive reserve (e.g. education, socio-economic status). This would allow for a 

more diverse and inclusive investigation of how the ageing process can affect the top-down 

modulation of audiovisual processing, how this is reflected in alpha activity, and the impact 

on older adults' performance in speech perception and balance tasks. 

Finally, as mentioned at the beginning of this discussion, perhaps the non-significant 

differences in behavioural performance between younger and older adults in Chapters 5 and 

6 of this thesis were due to the tasks implemented being insufficiently sensitive. Indeed, with 

such a highly-functioning older adult participant group, any impact that age-related changes 

in attentional control have on speech perception or balance performance may be subtle. 

Perhaps more challenging tasks were required, to adequately tax the cognitive resources of 
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older adults and uncover such changes. For example, in the speech perception tasks in this 

thesis, implementing background speech that is semantically and phonetically similar to the 

target speech could have been a more sensitive paradigm – this increased informational 

masking is likely to have increased the difficulty of the tasks due to the increased distractibility 

of the task-irrelevant speech, for older adults in particular (Schneider & Daneman, 2007; Ben-

David et al., 2012). Likewise, balance assessments used in clinical practice can often be 

insufficiently sensitive in detecting subtle changes in balance ability with increasing age 

(Balasubmaranian, 2015; Rockwood et al., 2008); not only is this a concern for clinicians in 

identifying whether an older adult is fall-prone, but it is an important consideration for future 

researchers aiming to study how balance maintenance may change as a function of healthy 

ageing. Crucially, whilst it is important that a task is sufficiently sensitive to detect differences 

in attentional control between younger and older adults, the cognitive resources expended by 

older adults may reach its maximum level if the task becomes too difficult, which can lead to 

declines in both motivation and performance (Reuter-Lorenz & Cappell, 2008). Careful 

consideration of the tasks implemented in neurocognitive paradigms investigating ageing is 

therefore key, to ensure that any existing behavioural differences between younger and older 

adults can be detected whilst simultaneously avoiding floor or ceiling effects. 

 

7.6. Conclusion 

To conclude, this thesis has demonstrated how age-related changes in the top-down 

modulation of multisensory processing can impact the perception and action of older adults. 

Through identifying alpha activity as a key underlying neural correlate of such changes, this 

research has provided novel contributions as to how younger and older adults may rely upon 
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different cognitive strategies during everyday multisensory tasks like speech perception and 

balance maintenance. From this perspective, each chapter has emphasised the importance of 

understanding the real-world impact that age-related changes in multisensory integration 

may have on the quality of life of our increasingly ageing population, rendering these findings 

as being of theoretical and potentially clinical relevance. Earlier chapters in this thesis found 

that the weaker attentional control of older adults is likely to be a fundamental factor in their 

increased, less accurate multisensory integration. However, in later chapters, it was found that 

whilst these attentional deficits may exist, older adults appear be more robust to the negative 

effects than once thought. That is, when faced with complex stimuli such as speech, or under 

adverse balance conditions, heterogenous ageing trajectories may mean that some older 

adults are able to adopt compensatory approaches to preserve perceptual and motor 

performance. As such, this thesis also provided considerations for future neurocognitive 

research, casting light on the impact that these individual differences may have on an older 

adult's speech perception and balance performance, with cognitive reserve theories of ageing 

discussed throughout. Nevertheless, it is imperative that the findings of this thesis inspire 

further research into the functional role of alpha activity in attentional control, particularly 

with regards to the development of neurocognitive interventions which may improve the 

speech perception and balance abilities of older adults. Overall, furthering our understanding 

of the age-related changes in top-down attentional control, and how such changes may be 

reflected in neural oscillations within the alpha-band frequency and beyond, are crucial 

investigations in building a comprehensive account as to how multisensory processing is 

affected by healthy ageing.  
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Appendices 
 

Appendix A – Speech, Spatial and Quality of Hearing (SSQ) 

Questionnaire 

The following questions will ask you about aspects of your hearing ability, hearing experience and 

listening in different situations.  

 

For each question, move the blue marker along the slider and place it anywhere on the scale from 0 

to 10.  

 

Putting the blue marker at 10 means that you would be perfectly able to do or experience what is 

described in the question. Putting the blue marker at 0 means that you would be unable to do or 

experience what is described. 

 

As an example, the first question asks about following a conversation with someone whilst the TV is 

on at the same time. If you are well able to do this, put the blue marker at the right-hand end of the 

scale, at number 10. If you could follow about half the conversation in this situation, put the blue 

marker around half-way along the scale, and so on. 

 

 

 

Q1 You are talking with one other person and there is a TV on in the same room. Without turning the 

TV down, can you follow what the person you’re talking to says? 

 Not at all                               Perfectly 
   

 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 
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Q2 You are listening to someone talking to you, while at the same time trying to follow the news on 

TV. Can you follow what both people are saying? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q3 You are in conversation with one person in a room where there are many other people talking. 

Can you follow what the person you are talking to is saying? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

Q4 You are in a group of about five people in a busy restaurant. You can see everyone else in the 

group. Can you follow the conversation? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 
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Q5 You are with a group and the conversation switches from one person to another. Can you easily 

follow the conversation without missing the start of what each new speaker is saying? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q6 You are outside. A dog barks loudly. Can you tell immediately where it is, without having to look? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q7 Can you tell how far away a bus or a truck is, from the sound? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 
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Q8 Can you tell from the sound whether a bus or truck is coming towards you or going away? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q9 When you hear more than one sound at a time, do you have the impression that it seems like a 

single jumbled sound? 

 Jumbled Not jumbled 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q10 When you listen to music, can you make out which instruments are playing? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 
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Q11 Do everyday sounds that you can hear easily seem clear to you (not blurred)? 

 Not at all Perfectly 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 

 

 

 

 

 

Q12 Do you have to concentrate very much when listening to someone or something? 

 Concentrate hard No need to concentrate 
 

 0 1 2 3 4 5 6 7 8 9 10 
 

  () 
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Appendix B – Informant Questionnaire on Cognitive Decline in the 

Elderly (IQ-CODE) pre-screening questionnaire 

 

Below are some situations where you have to use your memory or intelligence. Please indicate 

whether you have improved, stayed the same or got worse in that situation compared to 10 years. 

 

 

 

Q1 Compared to 10 years ago, how are you at remembering things about family and friends e.g. 

occupations, birthdays, addresses? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q2 Compared to 10 years ago, how are you at remembering things that have happened recently? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q3 Compared to 10 years ago, how are you at recalling conversations a few days later? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q4 Compared to 10 years ago, how are you at remembering your address and telephone number? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q5 Compared to 10 years ago, how are you at remembering what day and month it is? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q6 Compared to 10 years ago, how are you at remembering where things are usually kept? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q7 Compared to 10 years ago, how are you at remembering where to find things which have been 

put in a different place from usual? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q8 Compared to 10 years ago, how are you at knowing how to work familiar machines around the 

house? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q9 Compared to 10 years ago, how are you at learning to use a new gadget or machine around the 

house? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q10 Compared to 10 years ago, how are you at learning new things in general? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q11 Compared to 10 years ago, how are you at following a story in a book or on TV? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q12 Compared to 10 years ago, how are you at making decisions on everyday matters? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q13 Compared to 10 years ago, how are you at handling money for shopping? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q14 Compared to 10 years ago, how are you at handling financial matters e.g. the pension, dealing 

with the bank? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Q15 Compared to 10 years ago, how are you at handling other everyday arithmetic problems e.g. 

knowing how much food to buy, knowing how long between visits from family or friends? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  

 

 

 

Q16 Compared to 10 years ago, how are you at using your intelligence to understand what is going 

on and to reason things through? 

o Much improved  (1)  

o A bit improved  (2)  

o Not much change  (3)  

o A bit worse  (4)  

o Much worse  (5)  
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Appendix C – Activities-Specific Balance Confidence scale (ABC) 

For each of the following activities, please indicate your level of confidence in doing the activity, 

without losing your balance or becoming unsteady.  

 

 

To do so, choose one of the percentage points on the scale from 0 (no confidence) to 10 (complete 

confidence)  

 

 

If you do not currently do the activity in question, try and imagine how confident you would be if you 

had to do the activity.  

 

 

 

 

Q2 Walk around the house? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q3 Walk up or down stairs? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Q4 Bend over and pick up a slipper from the front of a closet floor? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q5 Reach for a small can off a shelf at eye level? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q6 Stand on your tiptoes and reach for something above your head? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Q7 Stand on a chair and reach for something? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q8 Sweep the floor? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q9 Walk outside the house to a car parked in the driveway? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Q10 Get into or out of a car? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q11 Walk across a car park to a shop? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q12 Walk up or down a ramp? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Q13 Walk in a crowded shop where people rapidly walk past you? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q14 Are bumped into by people as you walk through the shop? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q15 Step onto or off an escalator while you are holding onto a railing? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Q16 Step onto or off an escalator while holding onto parcels such that you cannot hold onto the 

railing? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 

 

 

 

 

 

Q17 Walk outside on icy pavements? 

 No confidence Complete confidence 
 

 0 10 20 30 40 50 60 70 80 90 100 
 

  () 
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Appendix D – Rapid Assessment of Physical Activity (RAPA) 

questionnaire 

Physical Activities are activities where you move and increase your heart rate above its resting rate, 

whether you do them for pleasure, work, or transportation. 

 

 

The following questions ask about the amount and intensity of physical activity you usually do. The 

intensity of the activity is related to the amount of energy you use to do these activities. 

 

      Light Activities:    

• your heart beats slightly faster than normal   

• you can talk and sing   

Moderate Activities:    

• your heart beats faster than normal   

• you can talk but not sing   

Vigorous Activities    

• your heart rate increases a lot   

• you can’t talk or your talking is broken up by large breaths  

 

How physically active are you? Please check either "Yes" or "No" on each line whether you think that 

the statement accurately describes you.  

 

Q1 I rarely or never do any physical activities.  

o Yes  

o No  

 

 

 

Q2 I do some light or moderate physical activities, but not every week. 

o Yes  

o No  
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Q3 I do some light physical activity every week. 

o Yes  

o No  

 

 

 

Q4 I do moderate physical activities every week, but less than 30 minutes a day or 5 days a week. 

o Yes  

o No  

 

 

 

Q5 I do vigorous physical activities every week, but less than 20 minutes a day or 3 days a week. 

o Yes  

o No  

 

 

 

Q6 I do 30 minutes or more a day of moderate physical activities, 5 or more days a week. 

o Yes  

o No  
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Q7 I do 20 minutes or more a day of vigorous physical activities, 3 or more days a week. 

o Yes  

o No  

 

 

 

Q8 I do activities to increase muscle strength, such as lifting weights or calisthenics, once a week or 

more. 

o Yes  

o No  

 

 

 

Q9 I do activities to improve flexibility, such as stretching or yoga, once a week or more. 

o Yes  

o No  

 


