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ARTICLE INFO ABSTRACT

Keywords: Ageing is associated with increased multisensory integration and reduced attentional control during audiovisual
Ageing processing, which can lead to inaccurate representations of dynamic environments and may contribute to fall risk
Alpha in older adults. Alpha-band oscillatory activity (8-12 Hz), commonly interpreted as an index of inhibitory
Q;:}tcl:n attentional control, is a plausible neural mechanism underlying age-related differences in multisensory attention.
Falls Here, we tested whether alterations in alpha oscillatory dynamics account for reduced attentional modulation of
Multisensory audiovisual integration in ageing, and whether these neural signatures relate to measures of fall risk.

Thirty-six younger adults (18-35 years) and thirty-six older adults (60-80 years) completed a cued spatial-
attention stream-bounce task assessing audiovisual integration at validly and invalidly cued locations, with
stimulus-onset asynchronies of 0 ms and 300 ms. Concurrent EEG was recorded to quantify task-related alpha-
band activity as a marker of inhibitory control. Balance and postural sway were assessed as indices of fall risk.

Behaviourally, both age groups showed comparable attentional modulation of audiovisual integration. In
contrast, electrophysiological data revealed age-related differences in neural control mechanisms: younger adults
exhibited clear, cue-dependent modulation of alpha power, whereas older adults did not show such modulation.
These findings demonstrate a dissociation between preserved behavioural performance and altered neural
control mechanisms in ageing, highlighting the importance of neural measures for revealing age-related changes
in attentional control that are not evident from behaviour alone. Together, these results implicate reduced
flexibility of alpha-mediated inhibitory processes linking attentional control, multisensory processing, and bal-
ance in ageing.

1. 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 and Disparities, 2022). Falls have serious conse-
quences 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 and
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 integra-
tion 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 and Wallace, 1996; Diederich and Colonius, 2004). Research
suggests that older adults display increased multisensory integration
relative to younger adults (Pepper et al., 2023 Pepper and Nuttall, 2023
Laurienti et al., 2006; Peiffer et al., 2007; Mahoney et al., 2011). This
increased integration has a positive outcome when the sensory infor-
mation is congruent and should be integrated. For example, effectively
utilising visual and auditory cues improves driving performance
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(Ramkhalawansingh et al., 2016) and speech perception abilities (see
Jones and 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 al., 2017; Bedard and 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 and Nuttall, 2023 Mozolic et al., 2008; Posner and
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, termed the ‘inhibitory deficit hy-
pothesis' (Hasher and Zacks, 1988; Alain and Woods, 1999). For example,
after implementing an audiovisual task in which irrelevant auditory
inputs had to be inhibited (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 infor-
mation. Older adults displayed weaker attentional control during au-
diovisual 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 deploy-
ment 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., 2014), oscillatory alpha activity is now
considered to index top-down attention (Bednar and Lalor, 2018;
Wostmann et al., 2017; Sauseng et al., 2005; Capotosto et al., 2012; Thut
et al., 2006) and active inhibitory processes during sensory processing
(Klimesch, 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 and Senkowski, 2018). For example, O’Sullivan et al.
(2019) found that during audiovisual speech perception, when the vi-
sual 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 sen-
sory 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 endoge-
nous/exogenous stimuli (Poliakoff et al., 2006; Setti et al., 2011).
Indeed, a key 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
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move around the house, walk across the road, climb the stairs and
perform other activities of daily living without being at a significant risk
of falls (Dewhurst and Bampouras, 2014). Not only is functional ability
challenged by age-related musculoskeletal decline, but can also be
significantly impacted by the weaker inhibitory control of older adults.
Crucially, due to their weaker attentional filtering, task-irrelevant sen-
sory information is incorporated into older adults’ representations of
their environment, which could provoke distractibility and lead to a fall
(Setti et al., 2011). In other words, attention fails to reconcile the
competition between relevant and irrelevant information as effectively
as a function of increased age. It follows that if older adults are at an
increased risk of falls (i.e. weaker balance maintenance) 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 integra-
tion, 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' static and dynamic balance 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 au-
diovisual integration compared to younger adults.

3) older adults will demonstrate smaller increases from baseline in
alpha power compared to younger adults.

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/10.17605/0SF.10/J3VPF

2. Methods
2.1. 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/10.17605/0SF.10/
J3VPF). Specifically, the pwr.f2.test function was implemented as rec-
ommended 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, de-
mentia, 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 vestib-
ular 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).
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Participants were recruited via opportunity sampling; younger par-
ticipants 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 Lan-
caster University Faculty of Science and Technology Ethics Committee
(ref: FST-2022-0636-RECR-3).

2.2. Pre-screening tools

Participants were asked to complete two pre-screening question-
naires using Qualtrics online platform (Qualtrics XM, Provo, UT), to
assess their eligibility for the study prior to coming to the lab.

2.2.1. Speech, spatial and quality of hearing questionnaire (SSQ;
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 <5.5 is indicative of moderate hearing loss (Gatehouse and
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 (see Section 2.2.3) when participants attended the lab.

2.2.2. Informant questionnaire on cognitive decline in the elderly (IQ-
CODE; Jorm, 2004)

Participants used a self-report version of the IQ-CODE (Jorm, 2004)
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.

2.2.3. 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 bilater-
ally 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 0.5-4 kHz in each ear, and then
averaged across ears. Audiometry was used to ensure that any differ-
ences in multisensory performance were not due to moderate-severe
hearing loss. The mean pure-tone audiometry thresholds for each age
group are displayed in Fig. 1.

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, Moider = 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, Moider =
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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Fig. 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.

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<.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

2.3. Experimental design

2.3.1. Questionnaire measures

After passing the pre-screening eligibility assessments, all partici-
pants completed two self-report assessments of physical activity,
providing detailed information regarding participants' own perception
of their balance abilities and their fitness levels.

2.3.1.1. Activities-based balance confidence scale (ABC; Powell & Myers,
1995). The ABC scale is a 16-item questionnaire used to assess partici-
pants’ 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 %
(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 <50 % indicate low levels of
functioning. Crucially, a score of <67 % is indicative of a substantial risk
of falling.

2.3.1.2. Rapid assessment of physical activity (RAPA; 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 (scored as 1 =
"Sedentary"”, 2 = "underactive", 3 = "underactive regular - light activ-
ities", 4 and 5 = "underactive regular", 6 and 7 = "Active"). The highest
affirmative score provided by participants is their final recorded score
for RAPA1l. 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
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higher levels of physical activity.

2.3.2. Functional ability — the short physical performance battery (SPPB;
Guralnik et al., 1994, 2000)

The SPPB (Guralnik et al., 1994, 2000) 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 func-
tional 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). The stages of the SPPB are displayed in
Fig. 2.

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 s 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 100 Hz. 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.

2.3.3. 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 (Podsiadlo
and Richardson, 1991), which is a clinical assessment of fall risk in older
adults. Participants are asked to stand from the chair, walk 3 m 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 s for community-dwelling older
adults; Shumway-Cook et al., 2000) indicating increased fall risk.

2.3.4. 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
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Donohue et al. (2015), with experimental details described previously in
Pepper et al. (2023). Briefly, at the start of each trial, participants were
cued either towards the full "X" shaped motion of the stimuli (val-
idly-cued trials) or towards the stopped motion of the stimuli (invalid-
ly-cued trials) appearing on the computer screen. Two-thirds of the trials
contained a task-irrelevant sound, played either synchronously with the
circles intersecting (0 ms delay) or 300 ms 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, rando-
mised across all participants. The experimental block contained of a set
of 60 validly-cued trials and a set of 60 invalidly-cued trials (two con-
ditions), which were equally distributed between each side of the screen
(left/right) and three stimulus onset asynchrony (SOA) conditions (Vi-
sual 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, 0 ms SOA trial are
displayed in Fig. 3. The percentage of “Bounce” responses provided in
each Cue x SOA condition was calculated for each participant. The
proportion of “Bounce” responses produced in Visual-Only conditions
was subtracted from the proportion of “Bounce” responses produced in
0 ms and 300 ms conditions, respectively, such that behavioural
“Bounce” data reflect the effect of multisensory processing.

2.3.5. EEG data acquisition and pre-processing

Continuous EEG data were sampled at 500 Hz 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 on-
line bandpass filtering, applying a low cut-off filter of 0.1 Hz, a high-cut-
off filter of 40 Hz, and a notch filter of 50 Hz. 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 experi-
enced 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 and Makeig, 2004) and MATLAB scripts. The

Balance Tests

Gait Test

Rep. Chair Stand Test

@
[
w u

4 metres

Fig. 2. Diagram depicting each assessment within the Short Physical Performance Battery (SPPB). Adapted from Tonet et al. (2023) and www.physio-pedia.com.
Participants first completed the balance tests, standing on force platforms in side-by-side, semi-tandem and tandem stances for 10 s each. Participants then completed
the gait test, in which the time taken to walk 4 m was recorded. Finally, participants completed the chair stand test, in which the time taken to sit down and stand up

5 times was recorded.
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1. Cue:lLeft

3. Circleson the right stop.
Circleson the left intersect;
tone plays

2. Both pairs of circles move
towards each other

4. Circles on the left continue,
moving away from each other;
end of full “X” motion

Fig. 3. 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. Image taken from the published manuscript of Pepper et al. (2023).

EEG data was first resampled to 256 Hz 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 was
then epoched, beginning at the presentation of the fixation cross in the
stream-bounce task and ending 3 s afterwards once the circles had
completed their full motion.

2.3.6. Alpha power extraction

Alpha power was extracted from the 8-12 Hz frequency band at
electrodes positioned over the parietal and occipital lobes (P3, P4, P7,
P8, 01, 02, 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 1000 ms
pre-stimulus interval of each condition type, and for the 2000 ms
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. A
percentage change score was then calculated, to reflect the increases or
decreases in alpha power in the experimental trials compared to the
pre-stimulus baseline. The full equation can be summarised as:
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alpha powery,« — alpha poweryggiine

x 100
alp ha POWerpqseline

Percent Change =

Finally, Percent Change produced in Visual-Only conditions were sub-
tracted from Percent Change produced in 0 ms and 300 ms multisensory
conditions, such that alpha data specifically reflect the effect of multi-
sensory processing. This value is the alpha power value used in each
statistical model.

The procedure outlining the entirety of the study is displayed in
Fig. 4.

2.4. 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 + 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 = Age + Cue + SOA + Bounce + 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 as-
sumptions; the assessment confirmed that all relevant assumptions were
met. To correct for the two models, all regression analyses used an
inference criterion for statistical significance of p=.025 corrected from
p=.05. . 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). Data
were analysed and visualised in R Studio (version 4.2.1) using the 'stats'
(R Core Team, 2022), 'car' (Fox and Weisberg, 2019), 'performance'
(Liidecke 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.

2.5. 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), the older adult sample in this study were very physically able.
As aresult, 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,
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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 pre-
dictors. Furthermore, to ensure that the data reflect the effect of
multisensory processing specifically, the “Bounce” and alpha power
outcome variables in each model were calculated as difference scores,
measuring the change from unisensory conditions to multisensory
conditions.

3. Results

H1 - Older adults will exhibit increased audiovisual integration
compared to younger adults

The difference in the proportion of "Bounce" responses from uni-
sensory conditions compared to multisensory conditions, for each age
group, are displayed in Fig. 5.

For Model 1, the outcome was the difference in proportion of
"Bounce" responses produced in multisensory compared to unisensory
conditions. The model was significant overall [F(11,272) = 2.40,
p=.007, adjusted R?>= 0.05. The output from the ANOVA performed on
the multiple regression model is displayed in Table 2.

With regards to the individual predictors in the model, there was no
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Fig. 5. Difference in the proportion of "Bounce" responses from unisensory
conditions compared to multisensory conditions. Black squares represent the
data of younger adults, grey circles represent the data of older adults.
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Fig. 4. Flowchart detailing the procedure of the study.
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Table 2

Multiple linear regression output detailing the statistical contribution of each
predictor 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 ~ Fvalue p

Age Group 1 2.42 2.42 2.52 114
Cue 1 0.78 0.78 0.81 .369
SOA 1 8.58 8.58 8.95 .003
Alpha 1 0.64 0.64 0.67 413
Sway Velocity 1 0.74 0.74 0.77 .381
SPPB Score 1 0.15 0.15 0.15 .696
PTA 1 4.26 4.26 4.44 .036
Age*Cue 1 0.06 0.06 0.06 .805
Age*Alpha 1 3.33 3.33 3.47 .064
Age*Velocity 1 4.07 4.07 4.25 .040
Age*SPPB Score 1 0.28 0.28 0.29 .590

Residuals 272 260.95 0.96

Notes: Df = degrees of freedom; SOA = Stimulus-Onset Asynchrony; SPPB =
Short Physical Performance Battery; PTA = pure-tone audiometry.

significant main effect of Age on the proportion of “Bounce” responses [F
(1, 272) = 2.52, p=.114]. As a result, the data did not provide support
for hypothesis one, which predicted that older adults would exhibit
increased integration compared to younger adults.

H2: Older adults will demonstrate weaker attentional control
during audiovisual integration compared to younger adults.

The interaction between Age and Cue was not a significant predictor
of "Bounce" responses [F(1, 272) = 0.06, p=.805]. As a result, the
behavioural data do not support hypothesis two, which predicted that
older adults will demonstrate weaker attentional control during audio-
visual integration compared to younger adults. However, there was a
significant main effect of SOA on the proportion of “Bounce” responses
[F(1, 272) = 8.95, p=.003, r]p2:0.03]. Overall, a greater increase in
“Bounce” responses was produced in 0 ms conditions (M = 14.0 %,
SD=21.80) compared to the increase produced in 300 ms conditions (M
= 7.33 %, SD=15.50). This indicates that across age groups, increased
audiovisual integration occurred within the stream-bounce task when
the sound played simultaneously with the circles intersecting, in line
with the temporal rule of multisensory integration.

H3: Older adults will show smaller increases from baseline in
alpha power compared to younger adults.

Difference in alpha power between unisensory and multisensory
conditions, for each age group, are displayed in Fig. 6.

For Model 2, the outcome was the difference in alpha power in
multisensory conditions compared to unisensory conditions. The model
was significant overall [F(11, 272) = 2.34, p=.009, adjusted R? = 0.05.
The output from the ANOVA performed on the multiple regression
model is displayed in Table 3.

There was no significant main effect of Age in the model [F(1, 272)=
3.17, p=.076]. However, the interaction between Age and Cue signifi-
cantly predicted difference in alpha power [F(1, 272) = 5.19, p=.024,
np2=0.02]. To assess differences in alpha power in younger adults
during valid versus invalid trials, and in older adults during valid versus
invalid trials, ANOVAs were conducted.

For younger adults, there was a significant difference in alpha power
between cued locations [F(1, 142) = 10.22, p=.002]. In validly-cued
conditions, alpha power increased relative to unisensory conditions (M
= 2.56, SD=13.1), however in invalidly-cued conditions, alpha power
decreased relative to unisensory conditions (M=-3.85, SD=10.9). In
contrast, for older adults, there was no significant differences in alpha
power changes in validly-cued versus invalidly-cued conditions [F(1,
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Fig. 6. Difference in alpha power from unisensory conditions compared to
multisensory conditions. Black squares represent the data of younger adults,
grey circles represent the data of older adults.

Table 3
Multiple linear regression output detailing the statistical contribution of each
predictor and interaction to the outcome of alpha power.

Full Model: Alpha ~ Age + Cue + SOA + Bounce + Velocity + SPPB Score + PTA +
Age*Cue + Age*Bounce + Age*Velocity + Age*SPPB Score

Predictors Df Sum of squares ~ Mean square ~ Fvalue p
Age Group 1 446 446.13 3.17 .076
Cue 1 737 737.26 5.24 .023
SOA 1 55 55.11 0.39 .532
Bounce 1 95 95.37 0.68 411
Sway Velocity 1 527 527.10 3.74 .054
SPPB Score 1 5 5.28 0.04 .847
PTA 1 0 0.27 0.002 .965
Age*Cue 1 731 730.62 5.19 .024
Age*Bounce 1 294 294.42 2.09 .149
Age*Velocity 1 55 55.05 0.39 .532
Age*SPPB Score 1 669 668.66 4.75 .030
Residuals 272 38,293 140.78
Notes: Df = degrees of freedom; SOA = Stimulus-Onset Asynchrony; SPPB =
Short Physical Performance Battery score; PTA = pure-tone audiometry
threshold.

142) = 0.001, p=.969]. This indicates that whilst the alpha power of
younger adults was impacted by the attentional manipulation within the
task, alpha power of older adults was not. Furthermore, in validly-cued
conditions, there was no difference in alpha power change between age
groups [F(1, 142)=0.08, p=.768]. However, in invalidly-cued condi-
tions, there was a significant difference in alpha power changes between
age groups [F(1, 142)=12.09, p<.001]; for younger adults, alpha power
decreased in multisensory conditions compared to unisensory condi-
tions (M=-3.85, SD=10.9), whereas for older adults, alpha power
increased in multisensory compared to unisensory conditions (M = 1.82,
SD=8.53). This interaction is displayed in Fig. 7.

Finally, there was a significant main effect of Cue on alpha power [F
(1, 272) = 5.24, p=.023, np?=0.02]. In validly-cued multisensory con-
ditions, alpha power increased relative to the unisensory conditions (M
= 2.23, SD=13.60), whereas in invalidly-cued conditions, alpha power
decreased relative to unisensory conditions (M=-1.02, SD=10.10). This
indicates that in validly-cued conditions whereby attention can serve to
modulate audiovisual integration, alpha power increased to inhibit the
task-irrelevant auditory input. Whilst this was not reflected in the
behavioural data, it may provide potential support for the role of
increased alpha power in inhibitory control.
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Fig. 7. Significant interaction between Age and Cue predicting difference in
alpha power from unisensory to multisensory conditions. Black squares repre-
sent the data of younger adults, grey circles represent the data of older adults.

H4: Balance will predict audiovisual integration and attentional
control

There was no significant main effect of SPPB score on the proportion
of "Bounce" responses [Model 1, Table 2; [F(1, 272) = 0.15, p=.696. In
addition, there was no significant main effect of sway velocity on the
proportion of "bounce" responses [F(1, 272) = 0.77, p=.381. Further-
more, in Model 2 (Table 3), there was no significant main effect of SPPB
score [F(1, 272)=0.04, p=.847) or sway velocity [F(1, 272)=2.73,
p=-054) on change in alpha power. Taken together, the data did not
support hypothesis four that weaker functional ability or balance ability
would predict audiovisual integration (as indexed by “Bounce” re-
sponses) and attentional control (as indexed by alpha power) within the
stream-bounce task.

Our criterion for significance was set at p=.025 for the current study;
however, the interaction between Age and Sway Velocity was a signif-
icant predictor of “Bounce” responses at the p=.05 level [F(1, 272) =
4.25, p=.040, np?=0.02]. Exploratory correlations revealed that for
younger adults, there was a significant positive correlation between the
proportion of “Bounce” responses and sway velocity [r(142) = 0.19,
p=.021). In contrast, for older adults, there was no significant correla-
tion between the proportion of “Bounce” responses and sway velocity [r
(138) = —0.09, p=.316]. This indicates that in younger adults, weaker
modulation of audiovisual integration (i.e. increased “Bounce” re-
sponses”) was associated with weaker balance maintenance (greater
sway velocity). This significant interaction is displayed in Fig. 8.

Participants SPPB scores and sway velocities are displayed in Figs. 9
and 10.

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 in-
dependent t-test revealed that there was no significant difference be-
tween age groups on the ABC [t(70) = 0.48, p=.995] or on total RAPA
scores [t(70) = 0.63, p=.282].

4. Discussion
The aims of this study were to 1) investigate the role of parieto-

occipital alpha power in age-related changes in audiovisual integra-
tion, and 2) investigate the association between audiovisual integration
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Fig. 8. Significant interaction between the proportion of “Bounce” responses
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represent the older adult data. Younger adults produced a significant positive
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Fig. 9. 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.

and balance ability. Whilst behavioural results from the stream-bounce
task do not provide support for the theory that older adults exhibit
increased audiovisual integration compared to younger adults, impor-
tant conclusions can be made with regards to the role of oscillatory alpha
power in attentional control during multisensory integration, and how
this may change with healthy ageing. Furthermore, findings may suggest
that attentional resources may be deployed differently for younger and
older adults during balance maintenance.

4.1. Older adults did not display weaker attentional control during
audiovisual integration compared to younger adults

The finding that younger and older adults produced a similar in-
crease in “Bounce” responses in multisensory compared to unisensory
conditions is in contrast to our hypothesis. The results of the current
study may also call into question the universality of the inhibitory deficit



J.L. Pepper et al.

o
3
©
—_ L] no}
: ®
S, B ©
29 ™
k) |
é = " 6° Age Group
> u © ® Younger
§ = Q " o % O Older
7] ]
& by o
(]
L s

: M
by T8 ¢

Side-By-Side Semi-Tandem Tandem

Condition

Fig. 10. Mean sway velocity recorded for each participant in the side-by-side,
semi-tandem and tandem balance positions in the Short Physical Performance
Battery. Black squares and boxplots represent data of younger adults, grey
circles and boxplots represent the data of older adults. Each boxplot displays the
median, the lower and upper quartile for each condition.

Table 4

Mean scores on the ABC and RAPA self-report questionnaires on balance con-
fidence and physical activity, for both younger and older adults. Standard de-
viations displayed in parentheses.

Age ABC RAPA1 RAPA2 ABC Class RAPA Class

group (aerobic) (strength)

Younger 95.10 5.67 1.42 (1.11) High Underactive
(9.61) (1.59) functioning regular

Older 94.16 5.72 1.06 (1.24) High Underactive
(6.72) (1.16) functioning regular

hypothesis (Hasher and Zacks, 1988), whereby older adults have been
posited to have weaker top-down inhibition of task-irrelevant informa-
tion compared to younger adults. The older adult sample recruited in
this experiment displayed strong attentional control, being as proficient
as younger adults inhibiting the task-irrelevant tone.

At this point, it is important to acknowledge that research into age-
related changes in attentional control during multisensory integration
has produced highly mixed findings (Jones and Noppeney, 2021). Whilst
such substantial variations have previously been attributed to issues like
task-dependency and discourse as to how veridical inhibiton can be
measured (Rey-Mermet and Gade, 2018), we suggest that individual
differences across older adult samples can also impact whether
age-related changes in multisensory integration are detected. Indeed,
heterogenous ageing trajectories mean that whilst some older adults
may experience weaker inhibition as a function of healthy ageing, others
may be more robust to such declines and find alternative strategies to
preserve cognitive function (Daskalopoulou et al., 2019; Oosterhuis
et al., 2023). Specifically, 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 — to the extent to which, in the current
context, older adults with higher levels of cognitive reserve are similarly
efficient as younger adults at inhibiting the task-irrelevant tone in the
stream-bounce task.

Whilst no formal measures of cognitive reserve were recorded in this
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study, demographic data such as ABC and RAPA scores reflect the high
physical ability of the current older adult sample, which indeed con-
tributes to high cognitive reserve. In sum, varying degrees of cognitive
reserve across different older adult samples may lead to mixed findings
across the literature investigating multisensory integration and ageing.
It is important that future studies implement measures of cognitive
reserve to a) identify the cognitive flexibility/resilience of their older
adult sample, b) assess whether the older adult sample recruited is
diverse enough to be representative of the cognitive abilities of the wider
older adult population, and c) potentially implement participants’
cognitive reserve scores as covariates in statistical analyses, to account
for the impact of individual differences in cognitive functioning on the
behavioural or neural data observed. At minimum, proxies of cognitive
reserve could be measured using individual factors known to contribute
to it, such as years of education or levels of socialisation (Oosterhuis
et al., 2023). However, a more comprehensive account would be ach-
ieved through implementing a cognitive reserve measure which evalu-
ates multiple key subscales together, such as the Cognitive Reserve Index
questionnaire (CRIg; Nucci et al., 2012). The CRIq assesses each par-
ticipant’s educational experiences, working activities and leisure activ-
ities across the lifespan, calculating a composite cognitive reserve score.
Not only does this tool provide a detailed account of the scope and
frequency of cognitive reserve-building activities an individual has
carried out across their lifespan, but the standardised scoring also allows
for clearer comparisons of cognitive reserve levels between individuals.

4.2. Stimulus-onset asynchrony significantly predicted audiovisual
integration in the stream-bounce task

The significant main effect of SOA in Model 1 provides an important
reflection of the “temporal rule” of multisensory integration — bimodal
inputs which are presented closely together in time are more likely to be
perceived as occurring from the same event, and bound together into a
single perceptual entity (Meredith and Stein, 1985; Bedard and
Barnett-Cowan, 2016). Our findings indicate that 0 ms trials produced a
greater increase in “Bounce” responses from unisensory conditions
compared to the increase produced in 300 ms conditions; when the
task-irrelevant sound played simultaneously with the circles intersect-
ing, illusory “Bounce” responses increased across all age groups, to a
greater extent than when the sound was played after the intersection.
The temporal interval over which bimodal stimuli can be presented and
subsequently integrated is known as the temporal binding window
(TBW; Diederich and Colonius, 2015; Powers et al., 2009; Pepper et al.,
2023). It is well-established in previous research that as the temporal
interval (i.e. SOA) between visual and auditory increases, the likelihood
of multisensory integration decreases (Stevenson et al., 2012 van Was-
senhove et al., 2007; Vatakis and Spence, 2006). It follows that in-
dividuals with greater temporal precision (i.e. narrower TBWs) are
better able to identify bimodal inputs which are asynchronous and
therefore should not be bound together.

Despite the utility of the stream-bounce illusion in unpicking how the
temporal rule of multisensory integration can produce illusory percepts,
the task has been previously criticised as too indirect a method for
measuring how temporal precision during multisensory processing may
change with healthy ageing (Sekuler et al., 1997; Basharat et al., 2019).
Future research may instead choose to implement more low-level
methods of measuring the TBW, such as simultaneity judgements or
temporal order judgement tasks (Basharat et al., 2019; Bedard and
Barnett-Cowan, 2016), which may be more sensitive indications of
temporal precision within multisensory integration. We would argue,
however, that the use of dynamic visual stimuli is useful for studying the
impact of age-related changes in audiovisual integration on fall risk in
particular, due to the importance of e.g. optic flow mechanisms in
guiding safe locomotion and maintaining balance (Raffi and Piras, 2019;
Peterka, 1995).

It is also interesting to consider how the TBW in multisensory
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integration may be reflected neurally. Indeed, whilst alpha activity has
been investigated from a top-down perspective in this study, there is also
evidence that individual alpha frequency (IAF) is associated with
bottom-up elements of multisensory processing, such as the width of the
TBW (Keil and Senkowski, 2018). The lower the IAF, the wider the TBW
and the greater the likelihood of erroneous integration when visual and
auditory stimuli are temporally incongruent (Keil and Senkowski, 2018;
Pepper and Nuttall, 2023). Despite the importance of this neural
correlate in furthering our understanding of temporal processing during
multisensory integration, limited research has been conducted investi-
gating how the relationship between IAF and the TBW may change with
healthy ageing. This would be a compelling area for future research to
understand how neural oscillations within the alpha-band frequency can
govern both bottom-up and top-down processes during multisensory
integration, and how this may be affected by increasing age.

4.3. Oscillatory alpha power did not predict audiovisual integration

The data in the current study did not provide support for our hy-
pothesis — alpha power did not predict the proportion of "Bounce" re-
sponses produced in the stream-bounce task. A potential reason for this
is that perhaps analysing alpha activity alone is insufficient for investi-
gating 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 (30-80 Hz) is
believed to reflect the bottom-up processing of low-level sensory inputs
(Keil and 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 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 activ-
ity, indicative of less modulated multisensory integration compared to
non-falling older adults. As such, whilst analysing power within indi-
vidual 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 ana-
lysing the synchronisation of multiple neural oscillations to understand
how information from different senses is selected and bound together
(Scurry et al., 2021).

4.4. Interactions between age and cue significantly predicted alpha power

Results from Model 2 indicated that an interaction between Age and
Cue significantly predicted changes in alpha power from unisensory to
multisensory conditions. Younger adults displayed an increase in alpha
power in validly-cued multisensory conditions, and a decrease in alpha
power in invalidly-cued multisensory condition. Crucially, older adults
did not display differences in alpha power regardless of whether the cue
was valid or invalid. This age group difference was not reflected in
behavioural data, which may indicate that different neural mechanisms
between age groups may subserve similar behavioural performance.
That is, whilst alpha activity is a key neural correlate for attention and
inhibition in younger adults, there may be wider brain networks or
alternative frequency bands involved in maintaining behavioural per-
formance in older adults.

Indeed, in the context of speech perception, alpha oscillators in pa-
rietal regions may be less effective in older adults compared to younger
adults (Herrmann et al., 2023). Wostmann et al. (2015) found that
during a complex speech-in-noise task, older adults displayed reduced
parietal alpha power compared to younger adults. From this, Herrmann
et al. (2023) posited that whilst parietal alpha may dominate for
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younger adults during inhibition, alpha activity in temporal/auditory
brain regions may dominate in older adults. That is, during speech
perception, if parietal alpha oscillators are less involved in listening for
older adults, perhaps a compensatory strategy is employed that leads to
an increased engagement of alpha oscillators in auditory cortex
(Herrmann et al., 2023). Whilst speech perception is considerably more
complex than the stream-bounce task, future studies investigating
age-related changes in alpha power during multisensory processing
should explore the role of different brain regions in attentional control in
younger versus older adults.

Accordingly, future research should focus on investigating more
complex audiovisual stimuli that participants encounter in real-world
environments (e.g. speech). Indeed, whilst the stream-bounce illusion
may be effective at uncovering the importance of temporal precision in
multisensory integration (as discussed), the cued-spatial-attention
version of the task as implemented in the current study may be insuf-
ficiently sensitive to detect complex age-related changes in attentional
control during audiovisual integration. Implementing more cognitively
demanding tasks, such as audiovisual speech perception in noisy
listening environments, or under dual-task conditions, would allow re-
searchers to arrive at more ecologically valid conclusions regarding age-
related changes in the interplay between attentional control and tem-
poral processing.

4.5. An interaction between age and sway velocity may predict
audiovisual integration

The interaction between sway velocity and age group significantly
predicted the proportion of “Bounce” responses at the p=.05 level,
though inference criteria for our study was defined as p=.025. This may
provide tentative support for the differential role of audiovisual inte-
gration in balance maintentance for younger and older adults, with a
larger sample potentially required to power that specific interaction. .

The interaction found in the current study revealed that older adults
did not show a significant correlation between audiovisual integration in
the stream-bounce task and sway velocity, whilst younger adults did. For
younger adults, a greater proportion of “Bounce” responses (i.e.
increased audiovisual integration) was associated with greater sway
velocity (i.e. weaker balance ability). This may indicate that whilst
efficient multisensory integration and strong attentional control is an
important factor for younger adults’ balance ability, it may not be as
central to balance maintenance for older adults, who could rely on
alternative strategies for balance in the face of any age-related declines
in sensory or attentional processes.

Indeed, previous research suggests that 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 and 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, requiring the recruitment of wider brain regions
involved in motor control and executive function to maintain balance.

This is in line with the scaffolding theory of cognitive ageing
(Reuter-Lorenz and Park, 2014; Oosterhuis et al., 2023), which is asso-
ciated with cognitive reserve theories discussed earlier. That is, the
increased recruitment and activation of frontal and motor brain regions
may be a compensatory strategy for older adults to maintain balance
despite neural degeneration of balance centres (Oosterhuis et al., 2023;
Kahya et al., 2019; Park and Reuter-Lorenz, 2009; Montero-Odasso
et al., 2017). Whilst in the current study, age-related differences in
balance did not predict alpha activity in Model 2, tentative conclusions
can be made from Model 1 with regards to the differential importance of
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audiovisual integration for balance in each age group — it may be that the
increased engagement of cortical motor regions is the predominant
factor in balance maintenance for older adults, as opposed to any
age-related changes in audiovisual processing.

It is important that future research focusses on uncovering the age-
related changes in the cortical mechanisms required for balance main-
tenance, as at the moment, the evidence into such changes appears to be
limited (Malcolm et al., 2021; Ozdemir et al., 2018).

4.6. Measuring balance and cognition in high-functioning older adults

A potential reason as to why functional ability and sway velocity, as
main effects, 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 signifi-
cant 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). As such,
perhaps balance ability as measured in this study was not sensitive
enough to predict audiovisual integration in the stream-bounce task.
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 (Balasubramanian, 2015; Rockwood et al.,
2008; Yelnik and 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
changes in sensory processing or attentional control, regular exercise
and maintaining strong physical wellbeing could reduce the effects that
these maladaptive perceptual changes have on fall risk in older adults.

Whilst the SPPB and sway velocity measures serve as valuable
objective measures of functional ability and balance, the ABC and RAPA
provide interesting insights into the strong physical abilities of our older
adult sample. Despite being subjective measures (and therefore may be
more prone to individual bias compared to the SPPB, for example), both
the ABC and the RAPA are used in clinical practice to indicate partici-
pants’ own perception of their physical ability. The ABC has been found
to have good internal consistency and test-retest reliability (Powell and
Myers, 1995), whilst the RAPA is reported to have better specificity and
predictive value compared to alternative physical activity question-
naires (Topolski et al., 2006). As a result, the lack of significant differ-
ence between younger and older adults on both questionnaires can be
confidently interpreted as the older adults in our sample possessing
higher balance confidence and higher levels of physical activity
compared to older adults who may be more frail. On the other hand we
acknowledge that the use of subjective measures of cognitive impair-
ment, such as the IQCODE implemented as a pre-screening measure,
may be prone to bias and is designed to be completed by a third party (e.
g. a caregiver). Alternative cognitive screening questionnaires, such as
the Montreal Cognitive Assessment or the Mini Mental State Examina-
tion, are recommended as more robust, quantitative measures to
confirm that the sample of older adults recruited in future studies are not
experiencing mild cognitive impairment.

4.7. Practical applications and future considerations

The roles of attention and inhibition in multisensory integration, and
the potential 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 and de Bruin, 2014), over a sustained
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period of time. For example, van het Reve & de Bruin (2014) imple-
mented 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 cogni-
tive treatments could be effective in reducing the risk of falls in older
adults (van het Reve and 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 and Tsang, 2020; Segev-Jacubovski et al., 2011). As such,
it is clear that further research is needed, with larger sample sizes and
more diverse older adult populations, to determine whether such com-
bined 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 and 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 social-
isation 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 cognitive reserve,
which may contribute to the high level of individual differences within
older adult groups.

Furthermore, a potential limitation of this study is that the age-
related behavioural and neural changes in attentional control during
audiovisual integration during the stream-bounce task were measured
separately to the participants’ balance abilities. This may mean that
whilst association between attentional control and balance can be
inferred, conclusions with regards to the impact of age-related changes
in attentional control on balance, based on our task, are less direct. As
such, future research should focus on measuring attentional control
during multisensory integration whilst balance is being manipulated —
this kind of dual-task paradigm would not only provide useful insights
into how attention may be divided between two concurrent multisen-
sory tasks, but is also likely to uncover how such attentional allocations
may change as a function of healthy ageing.

5. Conclusions

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,
however as yet, research into such age-related changes has produced
mixed findings. Whilst behavioural data in this study did not provide
support for the theory that older adults show weaker inhibition of task-
irrelevant information compared to younger adults, neural data revealed
age-related changes in alpha activity during the attentional modulation
of multisensory integration. Tentative conclusions can also be made in
that younger and older adults may employ differing cognitive and neural
mechanisms for balance maintenance. To determine the underlying
neural correlates of age-related changes in the top-down and bottom-up
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mechanisms of multisensory integration, and how these affect fall risk, it
may be important to analyse neural activity from multiple frequency
bands and brain regions, to understand how different oscillations and
neural networks may 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. Developing a detailed understanding of the
age-related changes in multisensory integration, and how this may in-
fluence 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.

Data and code availability statement

All code and data will be made available via the Open Science
Framework (OSF) following publication. The OSF project can be found
here: https://osf.io/hv29j/

Funding

Financial support was received from the Economic and Social
Research Council in the purchasing of e-vouchers and in the form of a
North West Social Science Doctoral Training Partnership studentship for
JP. The funding source was not involved in the study design, the
collection, analysis, or interpretation of the data, in the writing of the
report, or in the decision to submit the article for publication.

CRediT authorship contribution statement

Jessica L. Pepper: Writing — review & editing, Writing — original
draft, Visualization, Software, Project administration, Methodology,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization. Bo Yao: Writing — review & editing, Visualization,
Software, Formal analysis, Data curation. Jason J. Braithwaite:
Writing — review & editing, Supervision. Theodoros M. Bampouras:
Writing — review & editing, Supervision, Resources, Methodology,
Formal analysis, Data curation, Conceptualization. Helen E. Nuttall:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Methodology, Funding acquisition, Formal analysis, Data cura-
tion, Conceptualization.

Declaration of competing interest

The authors have nothing to declare. Financial support was received
from UKRI’'s Economic and Social Research Council the form of a North
West Social Science Doctoral Training Partnership studentship for JLP.
The funder was not involved in the study design, the collection, analysis,
or interpretation of the data, in the writing of the report, or in the de-
cision to submit the article for publication.

References

Alain, C., Woods, D.L., 1999. Age-related changes in processing auditory stimuli during
visual attention: evidence for deficits in inhibitory control and sensory memory.
Psychol. Aging 14 (3), 507.

Balasubramanian, C.K., 2015. The community balance and mobility scale alleviates the
ceiling effects observed in the currently used gait and balance assessments for the
community-dwelling older adults. J. Geriatr. Phys. Ther. 38 (2), 78-89.

Barry, E., Galvin, R., Keogh, C., Horgan, F., Fahey, T., 2014. Is the timed up and go test a
useful predictor of risk of falls in community dwelling older adults: a systematic
review and meta-analysis. BMC Geriatr. 14, 1-14.

Basharat, A., Mahoney, J.R., Barnett-Cowan, M., 2019. Temporal metrics of multisensory
processing change in the elderly. Multisensory Res. 32 (8), 715-744.

Bedard, G., Barnett-Cowan, M., 2016. Impaired timing of audiovisual events in the
elderly. Exp. Brain Res. 234 (1), 331-340.

12

Neurolmage 326 (2026) 121671

Bednar, A., Lalor, E.C., 2018. Neural tracking of auditory motion is reflected by delta
phase and alpha power of EEG. Neurolmage 181, 683-691.

Brayne, C., Moffitt, T.E., 2022. The limitations of large-scale volunteer databases to
address inequalities and global challenges in health and aging. Nat. Aging 2 (9),
775-783.

British Society of Audiology. (2018, August). Recommended Procedure: Pure-tone air-
conduction and boneconduction threshold audiometry with and without masking.
Available online: https://www.thebsa.org.uk/wp-content/uploads/2018
/11/0D104-32-Recommended-Procedure-Pure-Tone-Audiometry-August-2018-FI
NAL-1.pdf.

Caldwell, J.A., Niro, P.J., Farina, E.K., McClung, J.P., Caron, G.R., Lieberman, H.R.,
2019. A Z-score based method for comparing the relative sensitivity of behavioral
and physiological metrics including cognitive performance, mood, and hormone
levels. Plos One 14 (8), e0220749.

Capotosto, P., Babiloni, C., Romani, G.L., Corbetta, M., 2012. Differential contribution of
right and left parietal cortex to the control of spatial attention: a simultaneous
EEG-rTMS study. Cereb. Cortex 22 (2), 446-454.

Daskalopoulou, C., Koukounari, A., Wu, Y.T., Terrera, G.M., Caballero, F.F., De La
Fuente, J., Prina, M., 2019. Healthy ageing trajectories and lifestyle behaviour: the
Mexican Health and Aging Study. Sci. Rep. 9 (1), 11041.

de Bruin, K.M.E.D., Pichierri, G., Wold, P., 2011. Cognitive and cognitive-motor
interventions affecting physical functioning: a systematic review. BMC Geriatr. BMC
Ser.

de Dieuleveult, A.L., Siemonsma, P.C., van Erp, J.B., Brouwer, A.M., 2017. Effects of
aging in multisensory integration: a systematic review. Front. Aging Neurosci. 9, 80.

Delorme, A., Makeig, S., 2004. EEGLAB: an open-source toolbox for analysis of single-
trial EEG dynamics. J. Neurosci. Methods 134, 9-21.

Delorme, A., Sejnowski, T., Makeig, S., 2007. Enhanced detection of artifacts in EEG data
using higher-order statistics and independent component analysis. Neuroimage 34
(4), 1443-1449.

Dewhurst, S., Bampouras, T.M., 2014. Intraday reliability and sensitivity of four
functional ability tests in older women. Am. J. Phys. Med. Rehabil. 93 (8), 703-707.

Diederich, A., Colonius, H., 2004. Bimodal and trimodal multisensory enhancement:
effects of stimulus onset and intensity on reaction time. Percept. Psychophys. 66 (8),
1388-1404.

Diederich, A., Colonius, H., 2015. The time window of multisensory integration: relating
reaction times and judgments of temporal order. Psychol. Rev. 122 (2), 232.

Donohue, S.E., Green, J.J., Woldorff, M.G., 2015. The effects of attention on the temporal
integration of multisensory stimuli. Front. Integr. Neurosci. 9, 32.

Fox, J., Weisberg, S., 2019. An R Companion to Applied Regression, 3rd edition. Sage,
Thousand Oaks CA. https://socialsciences.memaster.ca/jfox/Books/Companion/.

Foxe, J.J., Simpson, G.V., Ahlfors, S.P., 1998. Parieto-occipital approximately 10 hz
activity reflects anticipatory state of visual attention mechanisms. Neuroreport 9,
3929-3933.

Franzen, L., Delis, L., De Sousa, G., Kayser, C., Philiastides, M.G., 2020. Auditory
information enhances post-sensory visual evidence during rapid multisensory
decision-making. Nat. Commun. 11 (1), 5440.

Gatehouse, S., Noble, W., 2004. The speech, spatial and qualities of hearing scale (SSQ).
Int. J. Audiol. 43 (2), 85-99.

Gazzaley, A., Cooney, J.W., Rissman, J., D'esposito, M., 2005. Top-down suppression
deficit underlies working memory impairment in normal aging. Nat. Neurosci. 8
(10), 1298-1300.

Getzmann, S., Klatt, L.I., Schneider, D., Begau, A., Wascher, E., 2020. EEG correlates of
spatial shifts of attention in a dynamic multi-talker speech perception scenario in
younger and older adults. Hear. Res. 398, 108077.

Guralnik, J.M., Simonsick, E.M., Ferrucci, L., Glynn, R.J., Berkman, L.F., Blazer, D.G.,
Wallace, R.B., 1994. A short physical performance battery assessing lower extremity
function: association with self-reported disability and prediction of mortality and
nursing home admission. J. Gerontol. 49 (2), M85-M94.

Guralnik, J.M., Ferrucci, L., Pieper, C.F., Leveille, S.G., Markides, K.S., Ostir, G.V.,
Wallace, R.B., 2000. Lower extremity function and subsequent disability: consistency
across studies, predictive models, and value of gait speed alone compared with the
short physical performance battery. J. Gerontol. A 55 (4), M221-M231.

Hasher, L., Zacks, R.T., 1988. Working memory, comprehension, and aging: a review and
a new view. Psychol. Learn. Motiv. 22, 193-225.

Herrmann, B., Maess, B., Henry, M.J., Obleser, J., Johnsrude, L.S., 2023. Neural
signatures of task-related fluctuations in auditory attention and age-related changes.
Neuroimage 268, 119883.

Jansen, A.P., van Hout, H.P., Nijpels, G., van Marwijk, H.-W., Gundy, C., de Vet, H.C.,
Stalman, W.A., 2008. Self-reports on the IQCODE in older adults: a psychometric
evaluation. J. Geriatr. Psychiatry Neurol. 21 (2), 83-92.

Jones, S.A., Noppeney, U., 2021. Ageing and multisensory integration: a review of the
evidence, and a computational perspective. Cortex 138, 1-23.

Jorm, A.F., 2004. The Informant Questionnaire on cognitive decline in the elderly
(IQCODE): a review. Int. Psychogeriatr. 16 (3), 275.

Kabacoff, R.I., 2015. R in Action: Data Analysis and Graphics With R 250.

Kahya, M., Moon, S., Ranchet, M., Vukas, R.R., Lyons, K.E., Pahwa, R., Devos, H., 2019.
Brain activity during dual task gait and balance in aging and age-related
neurodegenerative conditions: a systematic review. Exp. Gerontol. 128, 110756.

Keil, J., Senkowski, D., 2018. Neural oscillations orchestrate multisensory processing.
Neurosci 24, 609-626.

Keller, A.S., Payne, L., Sekuler, R., 2017. Characterizing the roles of alpha and theta
oscillations in multisensory attention. Neuropsychologia 99, 48-63.

Kelly, S.P., Lalor, E.C., Reilly, R.B., Foxe, J.J., 2006. Increases in alpha oscillatory power
reflect an active retinotopic mechanism for distracter suppression during sustained
visuospatial attention. J. Neurophysiol. 95, 3844-3851.


https://osf.io/hv29j/
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0001
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0001
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0001
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0002
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0002
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0002
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0003
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0003
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0003
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0004
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0004
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0005
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0005
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0006
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0006
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0007
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0007
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0007
https://www.thebsa.org.uk/wp-content/uploads/2018/11/OD104-32-Recommended-Procedure-Pure-Tone-Audiometry-August-2018-FINAL-1.pdf
https://www.thebsa.org.uk/wp-content/uploads/2018/11/OD104-32-Recommended-Procedure-Pure-Tone-Audiometry-August-2018-FINAL-1.pdf
https://www.thebsa.org.uk/wp-content/uploads/2018/11/OD104-32-Recommended-Procedure-Pure-Tone-Audiometry-August-2018-FINAL-1.pdf
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0009
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0009
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0009
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0009
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0010
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0010
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0010
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0011
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0011
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0011
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0012
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0012
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0012
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0013
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0013
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0014
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0014
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0015
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0015
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0015
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0016
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0016
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0017
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0017
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0017
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0018
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0018
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0019
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0019
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0021
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0021
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0021
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0022
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0022
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0022
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0023
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0023
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0024
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0024
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0024
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0025
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0025
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0025
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0027
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0027
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0027
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0027
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0026
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0026
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0026
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0026
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0029
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0029
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0030
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0030
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0030
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0031
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0031
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0031
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0032
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0032
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0033
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0033
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0034
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0035
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0035
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0035
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0036
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0036
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0037
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0037
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0038
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0038
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0038

J.L. Pepper et al.

Klatt, L.I., Schneider, D., Schubert, A.L., Hanenberg, C., Lewald, J., Wascher, E.,
Getzmann, S., 2020. Unraveling the relation between EEG correlates of attentional
orienting and sound localization performance: a diffusion model approach. J. Cogn.
Neurosci. 32 (5), 945-962.

Klimesch, W., 2012. Alpha-band oscillations, attention, and controlled access to stored
information. Trends Cogn. Sci. 16 (12), 606-617.

Krebber, M., Harwood, J., Spitzer, B., Keil, J., Senkowski, D., 2015. Visuotactile motion
congruence enhances gamma-band activity in visual and somatosensory cortices.
Neuroimage 117, 160-169.

Liidecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D. (2021).
Performance: An R package for assessment, comparison and testing of statistical
models. J. Open Source Softw., 6(60).

Lange, J., Keil, J., Schnitzler, A., van Dijk, H., Weisz, N., 2014. The role of alpha
oscillations for illusory perception. Behav. Brain Res. 271, 294-301.

Laurienti, P.J., Burdette, J.H., Maldjian, J.A., Wallace, M.T., 2006. Enhanced
multisensory integration in older adults. Neurobiol. Aging 27 (8), 1155-1163.

Lenth R. (2023). emmeans: Estimated Marginal Means, aka Least-Squares Means. R
package version 1.8.8, https://CRAN.R-project.org/package=emmeans.

Lipardo, D.S., Tsang, W.W., 2020. Effects of combined physical and cognitive training on
fall prevention and risk reduction in older persons with mild cognitive impairment: a
randomized controlled study. Clin. Rehabil. 34 (6), 773-782.

Mahoney, J.R., Li, P.C.C., Oh-Park, M., Verghese, J., Holtzer, R., 2011. Multisensory
integration across the senses in young and old adults. Brain Res. 1426, 43-53.

Mahoney, J.R., Holtzer, R., Verghese, J., 2014. Visual-somatosensory integration and
balance: evidence for psychophysical integrative differences in aging. Multisensory
Res. 27 (1), 17-42.

Malcolm, B.R., Foxe, J.J., Joshi, S., Verghese, J., Mahoney, J.R., Molholm, S., De
Sanctis, P., 2021. Aging-related changes in cortical mechanisms supporting postural
control during base of support and optic flow manipulations. Eur. J. Neurosci. 54
(12), 8139-8157.

Meredith, M.A., Stein, B.E., 1985. Descending efferents from the superior colliculus relay
integrated multisensory information. Science 227 (4687), 657-659.

Montero-Odasso, M.M., Sarquis-Adamson, Y., Speechley, M., Borrie, M.J., Hachinski, V.
C., Wells, J., Muir-Hunter, S., 2017. Association of dual-task gait with incident
dementia in mild cognitive impairment: results from the gait and brain study. JAMA
Neurol. 74 (7), 857-865.

Mozolic, J.L., Hugenschmidt, C.E., Peiffer, A.M., Laurienti, P.J., 2008. Modality-specific
selective attention attenuates multisensory integration. Exp. Brain Res. 184 (1),
39-52.

Nucci, M., Mapelli, D., Mondini, S., 2012. Cognitive Reserve Index questionnaire (CRIq):
a new instrument for measuring cognitive reserve. Aging Clin. Exp. Res. 24 (3),
218-226.

O’Sullivan, A.E., Lim, C.Y., Lalor, E., 2019. Look at me when I'm talking to you: selective
attention at a multisensory cocktail party can be decoded using stimulus
reconstruction and alpha power modulations. Eur. J. Neurosci. 50, 3282-3295.

Office for Health Improvement and Disparities. (2022, February). Falls: Applying All Our
Health. Gov.uk. Available online: https://www.gov.uk/government/publications/
falls-applying-all-our-health/falls-applying-all-our-health (accessed on 2 March
2022).

Oosterhuis, E.J., Slade, K., May, P.J.C., Nuttall, H.E., 2023. Toward an understanding of
healthy cognitive aging: the importance of lifestyle in cognitive reserve and the
scaffolding theory of aging and cognition. J. Gerontol. 78 (5), 777-788.

Ozdemir, R.A., Contreras-Vidal, J.L., Paloski, W.H., 2018. Cortical control of upright
stance in elderly. Mech. Ageing Dev. 169, 19-31.

Park, D.C., Reuter-Lorenz, P., 2009. The adaptive brain: aging and neurocognitive
scaffolding. Annu. Rev. Psychol. 60 (1), 173-196.

Peiffer, A.M., Mozolic, J.L., Hugenschmidt, C.E., Laurienti, P.J., 2007. Age-related
multisensory enhancement in a simple audiovisual detection task. Neuroreport 18
(10), 1077-1081.

Pepper, J.L., Nuttall, H.E., 2023. Age-related changes to multisensory integration and
audiovisual speech perception. Brain Sci. 13 (8), 1126.

Pepper, J.L., Usherwood, B., Bampouras, T.M., Nuttall, H.E., 2023. Age-related changes
to the attentional modulation of temporal binding. Atten. Percept. Psychophys. 85
(6), 1905-1919.

Peterka, R.J., 1995. Simple model of sensory interaction in human postural control.
Multisensory Control of Posture. Springer US, Boston, MA, pp. 281-288.

Peterka, R.J., 2002. Sensorimotor integration in human postural control.

J. Neurophysiol. 88 (3), 1097-1118.

Pfurtscheller, G., Stancak Jr, A., Neuper, C., 1996. Event-related synchronization (ERS)
in the alpha band—an electrophysiological correlate of cortical idling: a review. Int.
J. Psychophysiol. 24 (1-2), 39-46.

Pichierri, G., Murer, K., de Bruin, E.D., 2012. A cognitive-motor intervention using a
dance video game to enhance foot placement accuracy and gait under dual task
conditions in older adults: a randomized controlled trial. BMC Geriatr. 12 (1), 1-14.

Podsiadlo, D., Richardson, S., 1991. The timed “up & go™: a test of basic functional
mobility for frail elderly persons. J. Am. Geriatr. Soc. 39, 142-148.

Poliakoff, E., Ashworth, S., Lowe, C., Spence, C., 2006. Vision and touch in ageing:
crossmodal selective attention and visuotactile spatial interactions.
Neuropsychologia 44 (4), 507-517.

Posner, M.I, Driver, J., 1992. The neurobiology of selective attention. Curr. Opin.
Neurobiol. 2 (2), 165-169.

Powell, L.E., Myers, A.M., 1995. The activities-specific balance confidence (ABC) scale.
J. Gerontol. A 50 (1), M28-M34.

Powers, A.R., Hillock, A.R., Wallace, M.T., 2009. Perceptual training narrows the
temporal window of multisensory binding. J. Neurosci. 29 (39), 12265-12274.

13

Neurolmage 326 (2026) 121671

R Core Team (2022). R: A Language and Environment For Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.
org/.

Raffi, M., Piras, A., 2019. Investigating the crucial role of optic flow in postural control:
central vs. peripheral visual field. Appl. Sci. 9 (5), 934.

Ramkhalawansingh, R., Keshavarz, B., Haycock, B., Shahab, S., Campos, J.L., 2016. Age
differences in visual-auditory self-motion perception during a simulated driving task.
Front. Psychol. 7, 595.

Reuter-Lorenz, P.A., Park, D.C., 2014. How does it STAC up? Revisiting the scaffolding
theory of aging and cognition. Neuropsychol. Rev. 24, 355-370.

Rey-Mermet, A., Gade, M., 2018. Inhibition in aging: what is preserved? What declines?
A meta-analysis. Psychon. Bull. Rev. 25 (5), 1695-1716.

Rockwood, K., Rockwood, M.R., Andrew, M.K., Mitnitski, A., 2008. Reliability of the
hierarchical assessment of balance and mobility in frail older adults. J. Am. Geriatr.
Soc. 56 (7), 1213-1217.

Sauseng, P., Klimesch, W., Stadler, W., Schabus, M., Doppelmayr, M., Hanslmayr, S.,
Birbaumer, N., 2005. A shift of visual spatial attention is selectively associated with
human EEG alpha activity. Eur. J. Neurosci. 22 (11), 2917-2926.

Scurry, A.N., Lovelady, Z., Lemus, D.M., Jiang, F., 2021. Impoverished inhibitory control
exacerbates multisensory impairments in older fallers. Front. Aging Neurosci. 13,
700787.

Segev-Jacubovski, O., Herman, T., Yogev-Seligmann, G., Mirelman, A., Giladi, N.,
Hausdorff, J.M., 2011. The interplay between gait, falls and cognition: can cognitive
therapy reduce fall risk? Expert Rev. Neurother. 11 (7), 1057-1075.

Sekuler, R., Sekuler, A.B., Lau, R., 1997. Sound alters visual motion perception. Nature
385 (6614), 308-308.

Setti, A., Burke, K.E., Kenny, R.A., Newell, F.N., 2011. Is inefficient multisensory
processing associated with falls in older people? Exp. Brain Res. 209 (3), 375-384.

Sherrington, C., Whitney, J.C., Lord, S.R., Herbert, R.D., Cumming, R.G., Close, J.C.,
2008. Effective exercise for the prevention of falls: a systematic review and meta-
analysis. J. Am. Geriatr. Soc. 56 (12), 2234-2243.

Shumway-Cook, A., Brauer, S., Woollacott, M., 2000. Predicting the probability for falls
in community-dwelling older adults using the timed up & go test. Phys. Ther. 80 (9),
896-903.

Slade, K., Davies, R., Pennington, C.R., Plack, C.J., Nuttall, H.E., 2023. The impact of age
and psychosocial factors on cognitive and auditory outcomes during the COVID-19
pandemic. J. Speech Lang. Hear. Res. 66 (9), 3689-3695.

Slobounov, S., Cao, C., Jaiswal, N., Newell, K.M., 2009. Neural basis of postural
instability identified by VTC and EEG. Exp. Brain Res. 199, 1-16.

Stapleton, J., Setti, A., Doheny, E.P., Kenny, R.A., Newell, F.N., 2014. A standing posture
is associated with increased susceptibility to the sound-induced flash illusion in fall-
prone older adults. Exp. Brain Res. 232, 423-434.

Stein, B.E., Wallace, M.T., 1996. Comparisons of cross-modality integration in midbrain
and cortex. Prog. Brain Res. 112, 289-299.

Stern, Y., Arenaza-Urquijo, E.M., Bartrés-Faz, D., Belleville, S., Cantilon, M., Chetelat, G.,
... & Reserve, Resilience and Protective Factors PIA Empirical Definitions and
Conceptual Frameworks Workgroup. (2020). Whitepaper: defining and investigating
cognitive reserve, brain reserve, and brain maintenance. Alzheimer's Dement., 16(9),
1305-1311.

Stevenson, R.A., Fister, J.K., Barnett, Z.P., Nidiffer, A.R., Wallace, M.T., 2012.
Interactions between the spatial and temporal stimulus factors that influence
multisensory integration in human performance. Exp. Brain Res. 219 (1), 121-137.

Talsma, D., Doty, T.J., Woldorff, M.G., 2007. Selective attention and audiovisual
integration: is attending to both modalities a prerequisite for early integration?
Cereb. Cortex 17 (3), 679-690.

Talsma, D., Senkowski, D., Soto-Faraco, S., Woldorff, M.G., 2010. The multifaceted
interplay between attention and multisensory integration. Trends Cogn. Sci. 14,
400-410.

Thomas, N.M., Bampouras, T.M., Donovan, T., Dewhurst, S., 2016. Eye movements affect
postural control in young and older females. Front. Aging Neurosci. 8, 216.

Thut, G., Nietzel, A., Brandt, S.A., Pascual-Leone, A., 2006. a-band
electroencephalographic activity over occipital cortex indexes visuospatial attention
bias and predicts visual target detection. J. Neurosci. 26 (37), 9494-9502.

Tonet, E., Raisi, A., Zagnoni, S., Chiaranda, G., Pavasini, R., Vitali, F., Campo, G., 2023.
Multi-domain lifestyle intervention in older adults after myocardial infarction:
rationale and design of the PIpELINe randomized clinical trial. Aging Clinical and
Experimental Research 35 (5), 1107-1115.

Topolski, T.D., LoGerfo, J., Patrick, D.L., Williams, B., Walwick, J., Patrick, M.M.B.,
2006. Peer reviewed: the rapid assessment of physical activity (RAPA) among older
adults. Prev. Chronic Dis. 3 (4).

Turunen, K.M., Tirkkonen, A., Savikangas, T., Hanninen, T., Alen, M., Fielding, R.A.,
Sipild, S., 2022. Effects of physical and cognitive training on falls and concern about
falling in older adults: results from a randomized controlled trial. J. Gerontol. 77 (7),
1430-1437.

Uemura, K., Yamada, M., Nagai, K., Tanaka, B., Mori, S., Ichihashi, N., 2012. Fear of
falling is associated with prolonged anticipatory postural adjustment during gait
initiation under dual-task conditions in older adults. Gait Posture 35 (2), 282-286.

van Driel, J., Gunseli, E., Meeter, M., Olivers, C.N., 2017. Local and interregional alpha
EEG dynamics dissociate between memory for search and memory for recognition.
Neuroimage 149, 114-128.

van Het Reve, E., de Bruin, E.D., 2014. Strength-balance supplemented with
computerized cognitive training to improve dual task gait and divided attention in
older adults: a multicenter randomized-controlled trial. BMC Geriatr. 14 (1), 1-15.

Van Wassenhove, V., Grant, K.W., Poeppel, D., 2007. Temporal window of integration in
auditory-visual speech perception. Neuropsychologia 45 (3), 598-607.


http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0039
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0039
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0039
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0039
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0040
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0040
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0041
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0041
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0041
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0042
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0042
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0043
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0043
https://CRAN.R-project.org/package=emmeans
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0045
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0045
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0045
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0049
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0049
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0048
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0048
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0048
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0050
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0050
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0050
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0050
http://refhub.elsevier.com/S1053-8119(25)00674-3/optiflKwrD9Ve
http://refhub.elsevier.com/S1053-8119(25)00674-3/optiflKwrD9Ve
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0051
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0051
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0051
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0051
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0052
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0052
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0052
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0053
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0053
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0053
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0054
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0054
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0054
https://www.gov.uk/government/publications/falls-applying-all-our-health/falls-applying-all-our-health
https://www.gov.uk/government/publications/falls-applying-all-our-health/falls-applying-all-our-health
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0056
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0056
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0056
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0057
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0057
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0058
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0058
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0059
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0059
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0059
http://refhub.elsevier.com/S1053-8119(25)00674-3/optnEoFq42nIz
http://refhub.elsevier.com/S1053-8119(25)00674-3/optnEoFq42nIz
http://refhub.elsevier.com/S1053-8119(25)00674-3/optPAbW9M1dnA
http://refhub.elsevier.com/S1053-8119(25)00674-3/optPAbW9M1dnA
http://refhub.elsevier.com/S1053-8119(25)00674-3/optPAbW9M1dnA
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0062
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0062
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0063
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0063
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0064
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0064
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0064
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0065
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0065
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0065
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0066
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0066
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0067
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0067
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0067
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0068
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0068
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0069
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0069
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0070
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0070
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0072
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0072
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0073
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0073
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0073
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0074
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0074
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0075
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0075
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0076
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0076
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0076
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0077
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0077
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0077
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0078
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0078
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0078
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0079
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0079
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0079
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0080
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0080
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0081
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0081
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0082
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0082
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0082
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0083
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0083
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0083
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0084
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0084
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0084
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0085
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0085
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0086
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0086
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0086
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0087
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0087
http://refhub.elsevier.com/S1053-8119(25)00674-3/optvxG04aa2DL
http://refhub.elsevier.com/S1053-8119(25)00674-3/optvxG04aa2DL
http://refhub.elsevier.com/S1053-8119(25)00674-3/optvxG04aa2DL
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0090
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0090
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0090
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0091
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0091
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0091
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0092
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0092
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0093
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0093
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0093
http://refhub.elsevier.com/S1053-8119(25)00674-3/optC1JNF3jreE
http://refhub.elsevier.com/S1053-8119(25)00674-3/optC1JNF3jreE
http://refhub.elsevier.com/S1053-8119(25)00674-3/optC1JNF3jreE
http://refhub.elsevier.com/S1053-8119(25)00674-3/optC1JNF3jreE
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0094
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0094
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0094
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0095
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0095
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0095
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0095
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0096
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0096
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0096
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0097
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0097
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0097
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0098
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0098
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0098
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0099
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0099

J.L. Pepper et al.

Vatakis, A., Spence, C., 2006. Audiovisual synchrony perception for music, speech, and
object actions. Brain Res. 1111 (1), 134-142.

Wostmann, M., Herrmann, B., Wilsch, A., Obleser, J., 2015. Neural alpha dynamics in
younger and older listeners reflect acoustic challenges and predictive benefits.
J. Neurosci. 35 (4), 1458-1467.

Wostmann, M., Lim, S.J., Obleser, J., 2017. The human neural alpha response to speech
is a proxy of attentional control. Cereb. Cortex 27 (6), 3307-3317.

Wickham, H., 2016. Ggplot2: Elegant Graphics For Data Analysis. Springer-Verlag New
York.

14

Neurolmage 326 (2026) 121671

Yelnik, A., Bonan, I., 2008. Clinical tools for assessing balance disorders. Neurophysiol.
Clin./Clin. Neurophysiol. 38 (6), 439-445.

Zhang, S., Xu, W., Zhu, Y., Tian, E., Kong, W., 2020. Impaired multisensory integration
predisposes the elderly people to fall: a systematic review. Front. Neurosci. 14, 411.

Zhuravleva, T.Y., Alperin, B.R., Haring, A.E., Rentz, D.M., Holcomb, P.J., Daffner, K.R.,
2014. Age-related decline in bottom-up processing and selective attention in the very
old. J. Clin. Neurophysiol. 31 (3), 261.


http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0100
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0100
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0101
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0101
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0101
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0102
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0102
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0028
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0028
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0103
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0103
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0104
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0104
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0105
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0105
http://refhub.elsevier.com/S1053-8119(25)00674-3/sbref0105

	Age-related changes in the attentional modulation of multisensory integration in relation to balance maintenance
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Pre-screening tools
	2.2.1 Speech, spatial and quality of hearing questionnaire (SSQ; Gatehouse & Noble, 2004)
	2.2.2 Informant questionnaire on cognitive decline in the elderly (IQ-CODE; Jorm, 2004)
	2.2.3 Pure-tone audiometry

	2.3 Experimental design
	2.3.1 Questionnaire measures
	2.3.1.1 Activities-based balance confidence scale (ABC; Powell & Myers, 1995)
	2.3.1.2 Rapid assessment of physical activity (RAPA; Topolski et al., 2006)

	2.3.2 Functional ability – the short physical performance battery (SPPB; Guralnik et al., 1994, 2000)
	2.3.3 Timed up and go test (TUG; Podsiadlo & Richardson, 1991; Shumway-Cook et al., 2000)
	2.3.4 The stream-bounce task
	2.3.5 EEG data acquisition and pre-processing
	2.3.6 Alpha power extraction

	2.4 Statistical analyses
	2.5 Deviations from pre-registration

	3 Results
	4 Discussion
	4.1 Older adults did not display weaker attentional control during audiovisual integration compared to younger adults
	4.2 Stimulus-onset asynchrony significantly predicted audiovisual integration in the stream-bounce task
	4.3 Oscillatory alpha power did not predict audiovisual integration
	4.4 Interactions between age and cue significantly predicted alpha power
	4.5 An interaction between age and sway velocity may predict audiovisual integration
	4.6 Measuring balance and cognition in high-functioning older adults
	4.7 Practical applications and future considerations

	5 Conclusions
	Data and code availability statement
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	References


