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Abstract: Multisensory integration is essential for the quick and accurate perception of our environ-
ment, particularly in everyday tasks like speech perception. Research has highlighted the 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 as we age. These factors have
been linked to brain areas like the superior temporal sulcus, with neural oscillations in the alpha-band
frequency also being implicated in multisensory processing. Age-related changes in multisensory
integration may have significant consequences for the well-being of our increasingly ageing popula-
tion, affecting their ability to communicate with others and safely move through their environment;
it is crucial that the evidence surrounding this subject continues to be carefully investigated. This
review will discuss research into age-related changes in the perceptual and cognitive mechanisms of
multisensory integration and the impact that these changes have on speech perception and fall risk.
The role of oscillatory alpha activity is of particular interest, as it may be key in the modulation of
multisensory integration.
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1. 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
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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 accu-
racy 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
unisensory stimulus elicits a particularly weak or noisy response when presented on its
own [19]. In other words, many researchers have concluded that multisensory enhance-
ments are most apparent when the unisensory stimuli are ambiguous [16].

Previous research suggests that older adults display increased multisensory integra-
tion 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 mul-
tisensory 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
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.
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2. 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
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].

3. 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 in-
duces 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 highlight-
ing 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 sup-
port 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 intersection and the auditory tone together, resulting in the percept
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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 multisen-
sory 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 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 exam-
ple, 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 re-
searchers 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
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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 sys-
tem 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 (p. 2), 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 stim-
uli such 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 bene-
fits 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 exper-
imental 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 dif-
ferences 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].

4. 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
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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 per-
ception 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] indi-
cates 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].

5. 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
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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 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 perfor-
mance. 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 atten-
tional resources for the multisensory sound-induced flash task and therefore displaying
increased—less modulated—integration of visual and auditory inputs that were not tem-
porally 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 atten-
tional 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 inves-
tigating 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.

6. 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
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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 audiovsi-
ual 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 lan-
guage 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 audiovi-
sual 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 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 increased 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 alter-
native 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, prefrontal cortex, premotor cortex; [78,127,146]), working together
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to bind visual and auditory inputs in younger and older adults for quick and accurate
performance in tasks like speech perception and balance maintenance.

7. Oscillatory Alpha Activity in Multisensory Integration

Whilst the specific brain regions associated with bottom-up and top-down multi-
sensory 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 integra-
tion [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 conclu-
sions 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 (8–12 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].

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 de-
terioration 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) experi-
ment to causally link age-related changes in alpha oscillations to inhibitory performance
during a working memory task that required participants to ignore task-irrelevant informa-
tion. 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 impor-
tant findings indicate a clear link between alpha oscillations and inhibitory control; an
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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 percep-
tion 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 modality
or the auditory modality. That is, when successful performance in the task required par-
ticipants 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]. Con-
trary 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 be-
havioural 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 partici-
pants 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 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
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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 cor-
tices [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.

8. 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 informa-
tion [172]. Over recent years, it has been argued that cortical brain regions become in-
creasingly 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 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 sub-
sequent 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 oscilla-
tory 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.
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9. 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
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 mecha-
nisms 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 evi-
dence 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 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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