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Introduction

although it is well known that older adults exhibit increased 
postural instability and are more prone to encountering 
problems in maintaining balance than younger adults (for 
a review, see horak et al. 1989), relatively little is under-
stood about the perceptual and cognitive factors underpin-
ning posture control as we age. More particularly, ageing 
is associated with falls, with between 33 % and 50 % of 
people older than 65 falling each year (Kenny et al. 2009), 
which can seriously affect the quality of life for the older 
adult (Painter et al. 2012). It is, therefore, important to 
provide a better understanding of the underlying causes of 
falling in order to develop efficient interventions and reha-
bilitation programmes to prevent loss of balance control in 
older adults.

Previous studies have suggested that what determines 
whether a person is fall-prone is a complex interaction 
between a number of sensory, cognitive, and physiologi-
cal factors. For example, sensory decline, as a consequence 
of the ageing process, is suspected to be one of the main 
causes for falling in older adults. In particular, decline in 
visual and auditory function with increasing age has been 
associated with falls risk and risk of recurrent falling 
(tromp et al. 2001; abdelhafiz and austin 2003; Ruben-
stein 2006; Kulmala et al. 2009; lord et al. 2010). Other 
research has implicated various risk factors for falls includ-
ing balance and gait abnormalities (tinetti and  Williams 
1998), cognitive impairment (Wolfson et al. 1985), and 
physiological factors, such as orthostatic hypotension, and 
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cardiovascular disorders, such as carotid sinus hypersen-
sitivity or vasovagal hypersensitivity (Davies and Kenny 
1996). several studies also indicate psychosocial factors 
such as fear of falling and balance confidence as risk fac-
tors for further falls (cumming et al. 2000; Friedman et al. 
2002). thus, there seems to be no one causal factor for fall-
ing, nor have interventions based on any single factor been 
completely successful in preventing recurrent falls (for a 
review of existing intervention strategies and their efficacy, 
see Gillespie et al. 2010). 

although it is well known that inputs from the vestibu-
lar system provide internal information concerning pos-
tural control (allen et al. 2004; angelaki and cullen 2008), 
recent research into vestibular function has highlighted the 
role of information from other sensory modalities on fac-
tors related to efficient postural control, such as balance, 
self-motion, and heading direction (e.g. Fetsch et al. 2010; 
deangelis and angelaki 2012). For example, visual infor-
mation provides external information concerning the physi-
cal and spatial attributes of the environment being navi-
gated, which can affect posture control (allen et al. 2004; 
Rump and McNamara 2007). It is argued that these visual 
and vestibular inputs are integrated in a statistically optimal 
fashion, i.e. dependent on the reliability of the component 
sensory inputs, in order to achieve efficient self-motion 
perception (Fetsch et al. 2009; Butler et al. 2010; Fetsch 
et al. 2010). also, the updating of spatial information as we 
navigate through our environment is achieved by the inte-
gration of information from the vestibular system as well 
as from other sensory systems such as vision (Durgin 2009; 
Durgin et al. 2005a, b). When vision is reduced, other sen-
sory modalities, such as audition and touch, can provide 
information about the spatial properties of the environ-
ment (Gagnon et al. 2012; Klatzky et al. 2006). thus, it is 
evident that the ability to integrate and organise relevant 
information from different sensory inputs is very important 
in successfully maintaining balance whilst navigating our 
environment.

however, few studies have investigated the role of mul-
tisensory integration on balance control in older adults. 
those studies that have investigated this issue have typi-
cally reported that older adults have difficulties in recali-
brating the relative reliability of different sensory inputs, 
particularly vision and proprioception, in response to 
environmental changes for the purpose of balance con-
trol (horak et al. 1989; Jeka et al. 2010; Barrett et al. 
2013). Multisensory recalibration, also known as sensory 
reweighting, refers to the adaptive use of changing or con-
flicting sensory inputs for the purpose of efficiently per-
ceiving one’s environment (Ernst and Bülthoff 2004). Dur-
ing changes to the environment (e.g. when walking from a 
light to dark room), or in the individual’s internal state (e.g. 
walking or driving), this sensory reweighting is necessary 

for estimating body dynamics and maintaining successful 
postural control (carver et al. 2006; Maurer et al. 2006). 
It has been shown that the ability to effectively reweight 
visual, vestibular, proprioceptive, and other sensory inputs, 
when one of more inputs becomes less reliable, declines 
as a function of ageing (horak et al. 1989; teasdale et al. 
1991). Moreover, efficient reweighting of sensory inputs 
for perception may be further impaired in fall-prone older 
adults in comparison with healthy older adults (Jeka et al. 
2010), especially when visual (Barrett et al. 2013) or audi-
tory (lin and Ferrucci 2012) information is unreliable.

Other research, however, suggests that perception in 
older adults benefits from the combination of redundant 
information from across the senses. Previous studies have 
shown that when sensory information is noisy and unreli-
able, perception can be enhanced by integrating redun-
dant multisensory inputs relative to perception based on 
either of the unisensory stimuli alone (laurienti et al. 
2005). this process may be explained by the principle of 
inverse effectiveness (stein and Meredith 1993), which 
states that responsiveness to a multisensory stimulus 
increases when the responsiveness to the best of the modal-
ity-specific component stimuli decreases (stein and stan-
ford 2008). In other words, multisensory stimulation has 
a greater effect on perception when the ability to perceive 
the unisensory components stimuli is reduced. It is possi-
ble that this process also occurs to the benefit of percep-
tion in older adults. For example, perception in older adults 
may rely more on multisensory integration to compensate 
for the decline in sensory acuity and function as a result 
of ageing. an increasing number of studies provide support 
for enhanced multisensory integration in older adults, with 
a particular facilitation on response speeds to cross-modal 
combinations of visual, auditory, or tactile stimuli over 
their unisensory components (laurienti et al. 2006; Peiffer 
et al. 2007; Mahoney et al. 2011).

however, the processes mediating enhanced multisen-
sory integration may also sometimes result in a cost to per-
ception in older adults. specifically, efficient cross-modal 
integration depends on a certain temporal and spatial prox-
imity between the stimuli (see, e.g. sarko et al. 2012; stein 
and Meredith 1993), otherwise, this integration can result 
in an erroneous percept as stimuli with fall outside the spa-
tial or temporal window of integration should be perceived 
as discrete. the width of these windows of integration is, 
however, dependent on developmental processes (hillock 
et al. 2011), and it has been suggested that a widening of 
the time window of integration occurs with ageing (Died-
erich et al. 2008). this widening of the temporal window 
may facilitate the integration of congruent cross-sensory 
information as sensory acuity declines. however, as Polia-
koff et al. (2006) have shown, this process may result in 
increasing distractibility in older adults from cross-modal, 
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task-irrelevant information. In support of this idea, setti 
et al. (2011) reported increasing susceptibility to the mul-
tisensory ‘sound-induced flash illusion’ with ageing, and 
that susceptibility to this illusion appears to be sustained in 
older than in younger adults over longer temporal delays 
between the auditory and visual stimuli. the sound-induced 
flash illusion occurs when the presentation of two auditory 
‘beeps’ paired with a single brief visual stimulus (flash) 
results in the perception of two visual ‘flashes’ (shams 
et al. 2000, 2002). the illusion occurs due to the tempo-
ral proximity of the auditory stimuli to the visual stimulus 
resulting in the auditory inputs being integrated with the 
visual information (shams et al. 2002). setti et al. (2011) 
also reported that perception in older adults who experi-
ence postural control problems and suffer unexplained falls 
(which require medical attention) is more susceptible than 
that in a healthy cohort to this sound-induced flash illusion. 
this relatively greater susceptibility to the illusion with 
ageing is in accordance with previous research suggest-
ing that multisensory integration is generally ‘enhanced’ in 
older adults, as both are possibly mediated by a change in 
the temporal window during which cross-modal stimuli are 
integrated (e.g. laurienti et al. 2006; Diederich et al. 2008). 
although a widening of the temporal window of integra-
tion may render it more likely that redundant, cross-modal 
signals are integrated to benefit perception in older adults, 
such a process may also be inefficient if it sometimes leads 
to the integration of unrelated stimuli that fall within this 
temporal window.

the results reported by setti et al. (2011), that older 
adults with a history of falling are relatively more suscep-
tible to the sound-induced flash illusion, suggest that the 
integration of information from the environment may be 
inefficient in this cohort. Moreover, that multisensory per-
ception in this group is particularly inefficient suggests 
that it is associated with impaired balance control in older 
adults, likely resulting in a fall. specifically, as balance 
control is dependent on both the integration of internal (e.g. 
Maurer et al. 2006) as well as the external cues from the 
environment (e.g. visual, auditory, and tactile), the ineffi-
cient processing of these cues may lead to an incoherent 
percept of the environment. as a consequence, several per-
ceptual functions may be affected, particularly those relat-
ing to balance control. For example, an increase in distract-
ibility (Poliakoff et al. 2006), or impaired spatial updating 
(Barrett et al. 2013), may lead to a rapid change in the 
maintenance of postural control.

however, a direct link between balance maintenance and 
the integration of multiple sensory cues from the environ-
ment has hitherto not been established in older adults. In 
this study, our aim was to investigate how the integration 
of external multisensory information was linked to posture 
control in older adults. specifically, we wanted to elucidate 

the link between susceptibility to the sound-induced flash 
illusion and balance maintenance in fall-prone and healthy 
older adults. to that end, we measured susceptibility to the 
sound-induced flash illusion during both standing and sit-
ting positions (control task) and participants’ postural sway 
(i.e. a measure of balance maintenance when standing) in 
these two older adult groups.

We hypothesised that if optimal balance control depends 
on the efficient integration of multisensory information 
from the environment, then balance control in older adults 
with a history of falling may benefit from redundant mul-
tisensory inputs in the same way that other perceptual 
processes, such as discrimination (laurienti et al. 2006), 
benefit from multisensory integration. In other words, if 
perceptual performance was equivalent across the fall-
prone and healthy older adults to aV congruent stimuli, 
then we expected no difference across the groups in their 
ability to control balance. however, multisensory integra-
tion has been shown to be less efficient in the fall-prone 
older adult group relative to their healthy counterparts 
when presented with aV incongruent stimuli; therefore, we 
expected greater susceptibility to the sound-induced flash 
illusion to be observed in this group. Furthermore, if inef-
ficient integration is linked to balance control, then greater 
susceptibility to the sound-induced flash illusion in this 
older group should, in turn, be found in situations in which 
balance control is required, such as when standing, rela-
tive to when it is not, such as when sitting. Moreover, we 
expected that fall-prone older adults would have increased 
postural sway compared to healthy older adults during the 
aV incongruent (i.e. illusory) compared with aV congru-
ent trials. In contrast, whilst we expected healthy older 
adults to be susceptible to the sound-induced flash illusion 
due to ageing, we did not expect this susceptibility to be 
associated with balance control, since balance function is 
not compromised in this group and they are more efficient 
at integrating external, multisensory inputs relative to fall-
prone adults. Finally, to ensure that there were no underly-
ing perceptual differences across the groups, we expected 
no differences between fall-prone and healthy older adults 
on performance to either of the two audio–visual congruent 
conditions.

Method

Participants

We recruited participants through the technology Research 
for Independent living (tRIl) centre in st James’s hos-
pital, Dublin. the tRIl cohort is a sample of more than 
500 self-referred or clinician-referred persons who are over 
60 years of age and who either have a history of falls or 
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are healthy and not prone to falls. Of this cohort, 44 older 
adults (22 females, mean age = 73.1, sD = 4.9) volun-
teered to take part in this experiment. all participants 
were living independently in the community at the time of 
testing.

Each participant took part in a wide battery of clinical and 
behavioural assessments prior to the experiment. First, par-
ticipants provided a detailed history of any fall incidents and 
each participant completed a falls risk assessment involving 
the following standardised tasks: BERG balance scale and 
timed up and go test (tUG), as well as tests designed to meas-
ure frailty including cardiovascular instability (Delta sBP) 
and grip strength (i.e. hand dynamometer measurement). We 
also tested sensory function including visual sensory acuity 
(logMar chart), contrast sensitivity (Pelli–Robson chart), and 
hearing (hughson–Westlake test). cognitive function was 
assessed using the mini-mental state examination (MMsE). 
We recorded medical usage, particularly polypharmacy (indi-
cating 4 or more medications). None of the participants had a 
history of psychiatric or neurological illness. table 1 summa-
rises the characteristics of the participants.

On the basis of their falls history, participants were 
assigned into one of two groups: healthy older adults (i.e. 
no history of falls) or older adults who can be described 
as ‘fall-prone’. Fall-prone older adults were defined as 
those who reported experiencing at least one unexplained 
fall (i.e. excluding tripping, slipping, and similar incidents) 
requiring medical attention in the last 5 years. Of the 23 
fall-prone older adults (13 females, mean age = 73.95, 
sD = 4.94), 8 reported having had 1 fall, whereas 15 
reported having recurrent falls. In contrast, 21 healthy older 
adults (9 females, mean age = 72.2, sD = 4.69) were those 
who reported never having experienced an unexplained fall.

the experiment was approved by both the st. James 
hospital Ethics committee and by the school of 

Psychology Research Ethics committee, trinity college 
Dublin and conformed to the Declaration of helsinki. all 
participants provided informed, written consent prior to 
taking part in the experiment.

stimuli and apparatus

the experiment was conducted using a Dell XPs M1530 
laptop computer that was positioned such that the centre of 
the screen was at eye height and at a distance of approxi-
mately 57 cm for each participant whilst they were either 
standing or seating. the laptop was placed on a mobile, 
adjustable stand that was adjusted in both height and loca-
tion accordingly. a nurse remained beside the participant 
during the entire experiment for safety reasons.

the stimuli consisted of a visual disc that was briefly 
presented on the screen (i.e. a ‘flash’) and an auditory tone 
(i.e. a ‘beep’). specifically, the visual stimulus comprised 
of a white disc with a diameter subtending a visual angle 
of 1.5 degrees and a luminance of 31.54 fl. this disc was 
projected against a black background and appeared approx-
imately 5 degrees below fixation. the visual stimulus 
was briefly flashed for 12 ms. the auditory stimulus was 
comprised of a brief burst of 3.5 khz presented of 10 ms 
at 79 dB, which had the subjective experience of a ‘beep’. 
the auditory stimuli were delivered through integrated, ste-
reo laptop speakers that were positioned just below the lap-
top monitor.

Postural sway was measured using a body-worn inertial 
‘shIMMER™’ sensor (developed by shimmer Research, 
Dublin, Ireland). this sensor contains a tri-axial acceler-
ometer that was used to measure postural sway along two 
axes: anterior–posterior (aP) and mediolateral (Ml) (see 
Burns et al. 2010). the sensor was attached to the partici-
pant’s lower back, at approximately the level of l4 (i.e. 

Table 1  Mean measures taken across the fall-prone and healthy older adult participants for each of the assessments taken prior to the experi-
ment

* significant difference between groups at p < 0.05

comparison Fall-prone (N = 23) healthy (N = 21) t test (two-tailed) p value

age (years) 73.96 72.20 1.194 0.239

BERG (on 56-point scale) 54.30 55.52 −2.430 0.019*

timed up and go (tUG) (s) 10.53 9.36 2.349 0.024*

Visual acuity (logMar) 0.17 0.11 −0.834 0.409

Visual contrast sensitivity (Pelli–Robson chart) 1.4935 1.4929 0.013 0.990

hearing ability at 4 khz (hughson–Westlake test) (left ear) 34.56 db 34.04 db 0.104 0.918

(Right ear) 31.3 db 30.71 db 0.109 0.914

Grip strength (pounds per square inch) 54.59 63.63 −1.366 0.179

MMsE (on a 30-point scale) 28.91 28.86 0.170 0.866

Polypharmacy (no. of medications) 0.65 0.28 2.559 0.014*

cardiovascular stability (delta sBP whilst sitting) 138 high 139 high −0.305 0.762
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the 4th vertebrae of the lumbar spine), using surgical tape. 
the participant wore the sensor throughout the experiment, 
although recordings were taken only when the participant 
was standing.

Design

there were two main testing blocks to the experiment: 
participants were presented with audio–visual trials that 
were blocked into audio–visual congruent or audio–visual 
incongruent (i.e. ‘illusory’) trials. the audio–visual illu-
sory trials always consisted of 1 flash and 2 beeps. In these 
illusory trials, one of the auditory ‘beeps’ was always deliv-
ered simultaneously with a visual flash and the onset of the 
second auditory beep could either precede or lag behind 
the other ‘beep’ with a stimulus onset asynchrony (sOa) 
of either 70, 150, or 270 ms. the congruent audio–visual 
trials consisted of either 1 flash synchronously presented 
with 1 beep, or 2 flashes synchronously presented with 2 
beeps. In the case of the 2 beeps and 2 flashes, the same 
sOa delays were presented between the beep and flash 
stimuli as in the illusory trials. Within a ‘congruent’ block, 
each trial was repeated 12 times yielding a total number of 
12 single ‘flash–beep’ trials and 36 double ‘flash–beep’ tri-
als (i.e. 6 repetitions at each of the three sOas of 70, 150, 
270 ms). Within an ‘illusory’ block, each trial was repeated 
6 times for each of the six sOas (i.e. −270, −150, −30, 
+30, +150, and +270 ms) yielding a total of 36 trials. 
Each participant conducted the congruent and illusory 
(incongruent) block twice: once from a seated position 
and once from a standing position, yielding a total of four 
experimental blocks. Block order, including both postural 
position (sitting or standing) and audio–visual blocks (illu-
sory or congruent) conditions, was counterbalanced across 
participants. trials were randomly presented within these 
blocks across participants.

the experiment was based on a mixed design with par-
ticipant group as the between-subjects factor. For each 
of the participant groups, the experiment was based on a 
2 × 2 × 3 design with posture (sitting or standing), audio–
visual congruency (congruent or illusory), and sOa (pre-
ceding or lagging by 70, 150, or 270 ms) as within-subject 
factors.

Procedure

Participants completed both the illusory and congru-
ent blocks of trials twice, once whilst seated and once 
whilst standing. Prior to the experiment, the experimenter 
adjusted the height and the position of the apparatus in 
order that the participant could comfortably view the scene 
from either a sitting or standing position, depending on 
the assigned block order. the participant was required to 

maintain a distance of 57 cm from the screen whilst sitting 
or standing.

Before the participant began the task, a baseline measure 
of balance sway, measured as acceleration, was taken dur-
ing a 30-s trial. During this time, participants were required 
to maintain fixation on a visual cross that was presented on 
the computer screen and to maintain an upright position 
whilst remaining as still as possible. a reading of the par-
ticipant’s baseline acceleration was taken to compare with 
their acceleration whilst completing the task. During this 
baseline measure, the participant had no secondary task to 
complete.

Once the baseline balance measure was taken, the par-
ticipant was required to take a sitting or standing posi-
tion, depending on the experimental design to which they 
were assigned. they were then presented with the audio–
visual trials. they were informed that they would be pre-
sented with brief flashes and beeps and were instructed to 
verbally report to the experimenter the number of flashes 
they saw on the screen. During the audio–visual trials, a 
fixation cross was presented at the centre of the screen and 
remained on display throughout the experiment. Partici-
pants were instructed to maintain fixation throughout each 
trial. Following each trial, the experimenter recorded the 
participant’s response and initiated the next trial.

Before the experimental trials began, the participants 
conducted a block of 10 practice trials that they could 
repeat until they reported feeling comfortable with the 
task. these practice trials included examples of both 
congruent (i.e. ‘1 flash with 1 beep’ or ‘2 flashes with 2 
beeps’ across different sOas) and illusory (‘1 flash and 
2 beeps’ across different sOas) trials. two participants 
asked to complete the practice block a second time before 
moving on to the experiment. all the other participants 
completed the practice block once before completing the 
experiment.

During the trials in which the participant was required 
to stand, acceleration data were sampled at 102.4 hz and 
streamed via Bluetooth to a Pc using a custom applica-
tion developed in BioMOBIUs™, and were subsequently 
analysed using Matlab 7.10 (the Mathworks Inc., Natick, 
Ma, Usa). acceleration data were band-pass filtered 
between 0.1 and 10 hz, calibrated (Ferraris et al. 1995) 
and the influence of gravity was accounted for (Moe-
Nilssen and helbostad 2002). Recording started when the 
first stimulus was delivered in each block. the initial 5 s 
of data were removed, and the subsequent 25 s of data per 
block were considered for further analysis. Finally, low fre-
quency drift was removed using a second-order polynomial 
fit (O’sullivan et al. 2009). the root mean square (RMs) 
amplitude of the mediolateral (Ml), anterior–posterior 
(aP), and cumulative horizontal acceleration signals was 
calculated for each trial.
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Results

assessment results

Prior to the experiment, we examined whether there were 
any differences in demographics or performance on a 
range of relevant assessments across groups. the results 
from these analyses are included in table 1. Both groups 
were matched for age. there were no significant differ-
ences found between the fall-prone and healthy older adult 
groups in sensory acuity scores (i.e. vision or hearing), 
or in cognitive performance (i.e. MMsE), with both groups 
demonstrating normal cognitive functioning. as expected, 
performance on the BERG balance test and the tUG was 
significantly worse for the fall-prone older adults (sch-
oene et al. 2013). there was also a difference between the 
groups on polypharmacy with the fall-prone older adults 
taking more medications than the healthy older adults. 
however, on closer examination of the nature of the medi-
cation taken, we found that none of the older adults were 
prescribed medications that were psychotropic in nature. 
as such, we had no reason to assume that their medication 
should interfere with the participants’ sensory perception.

Balance results

the balance measures were analysed by comparing group 
differences between fall-prone and healthy older adults 
on their root mean squared (RMs) acceleration across the 
anterior–posterior (aP) and mediolateral (Ml) directions, 
as well as the mean RMs acceleration, which is measured 
in units of acceleration due to gravity (1 g = 9.81 m/s2). 
comparisons were made across trials on the RMs accel-
eration generated during the presentation of the illusory 
trials, congruent trials, and during the baseline trial (i.e. 
standing position when no auditory or visual stimulation 

was presented). Group differences were compared using 
independent t tests. the balance sway results are presented 
in table 2 and plotted in Fig. 1. First, although we found 
significantly more body sway on average for fall-prone 
than healthy older adults during the baseline condition, this 
difference failed to reach significance for each of the Ml 
and aP directions separately. this difference, with greater 
RMs sway in older adults with a history of falling than 
their healthy counterparts, is consistent with higher BERG 
test scores for fall-prone older adults (see table 1). We 
found a significant difference in RMs acceleration across 
the fall-prone and healthy older adults during the presenta-
tion of the illusory trials only across both the mediolateral 
and anterior–posterior sway directions and overall postural 
sway. No group difference was found in body sway during 
any of the congruent conditions.

We then conducted a mixed aNOVa on the balance 
data, with fall status (fall-prone or healthy older adults) as 
the between groups factor and audio–visual (aV) trial type 
(illusory or congruent trials) as the within-group factor. 
We found a main effect of fall status [F (1, 42) = 3.997, 
p = 0.05], indicating increased postural sway for fall-prone 
older adults compared with healthy older adults. there 
was no effect of aV trial type [F (1, 42) < 1]. an interac-
tion between fall status and aV trial type approached sig-
nificance [F (1, 42) = 3.669, p = 0.06]. Due to the trend 
towards significance, and our previously stated hypothesis 
that fall-prone older adults would experience increased 
postural sway when exposed to illusory trials over congru-
ent audio–visual trials and that this would not differ for 
healthy older adults, we conducted planned comparisons 
on the balance data to examine this interaction further. In 
accordance with our hypothesis, we found increased pos-
tural sway in the fall-prone group when exposed to illu-
sory audio–visual stimuli (1 flash with 2 beeps) compared 
with congruent audio–visual stimuli (1 flash paired with 1 

Table 2  the mean (± standard deviation) root mean squared (RMs) acceleration across fall-prone and healthy older adults performing each 
multisensory condition

 * significant difference between groups at p < 0.05

Body sway direction trial type Fall-prone older adults  
(mean RMs and sD) (g)

healthy older adults  
(mean RMs and sD) (g)

t test p value

Mediolateral Baseline 0.11 ± 0.06 0.09 ± 0.05 1.191 0.24

anterior–posterior Baseline 0.17 ± 0.1 0.12 ± 0.06 1.867 0.07

Mean Baseline 0.14 ± 0.7 0.11 ± 0.04 2.110 0.04*

Mediolateral aV congruent 0.08 ± 0.04 0.07 ± 0.04 0.6 0.55

anterior–posterior aV congruent 0.15 ± 0.11 0.14 ± 0.16 0.130 0.89

Mean aV congruent 0.12 ± 0.1 0.11 ± 0.1 0.247 0.87

Mediolateral aV illusory 0.1 ± 0.05 0.07 ± 0.04 2.537 0.01*

anterior–posterior aV illusory 0.24 ± 0.24 0.11 ± 0.06 2.412 0.02*

Mean (g) aV illusory 0.18 ± 0.14 0.1 ± 0.05 2.518 0.01*
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beep or 2 flashes paired with 2 beeps) [F (1, 42) = 5.052, 
p = 0.02]. In contrast, there was no difference in postural 
sway across the illusory and congruent audio–visual trials 
for healthy older adults [F (1, 42) < 1].

Behavioural results

We first compared the overall correct number of responses 
made by the fall-prone and healthy older adults, to both 
the illusory (2 beeps with 1 flash) and congruent (1 beep 
paired with 1 flash or 2 beeps paired with 2 flashes) mul-
tisensory trials. there were no differences in performance 
across groups in each of the conditions. Overall, we found 
fewer correct responses to the illusory conditions compared 
to either of the congruent conditions suggesting that both 
groups were susceptible to the illusion. these results are 
illustrated in table 3. 

We analysed accuracy performance using a mixed, four-
way aNOVa with fall status (fall-prone or healthy older 
adults) as a between-subject measure and body stance 
(sitting or standing), aV trial type (illusory or congru-
ent based on 2 flashes paired with 2 beeps) and sOa (70, 
150, and 270 ms) as within-subject measures. We found no 
effect of fall status [F (1, 42) < 1] or body stance [F (1, 
42) < 1]. there was a main effect found for trial type [F (1, 
42) = 51.331, p < 0.001], with more accurate performance 

to the aV congruent than the illusory trials. there was also 
a main effect of sOa [F (2, 84) = 54.8032, p < 0.001], 
suggesting an overall increase in accuracy with increasing 
sOa between the auditory and visual stimuli. the two-way 
interaction between fall status and body stance approached 
significance [F (1, 42) = 3.295, p = 0.076]. None of the 
other interactions were significant nor were they approach-
ing significance.

On the basis of the near-significant interaction between 
falls status and body stance, we analysed performance in 
the fall-prone and healthy groups separately using repeated 
measures aNOVas with body stance (sitting or stand-
ing), aV trial type (illusory or congruent), and sOa (70, 
150, and 270 ms) as within-subject measures. For the 
healthy older adults, we found significant main effects of 
trial type [F (1, 20) = 28.036, p < 0.001] and sOa [F (2, 
40) = 30.719, p < 0.001] but there was no effect of body 
stance [F (1, 20) < 1]. the only interaction to reach sig-
nificance was that between trial type and sOa [F (2, 
40) = 22.198, p < 0.001]; otherwise, no other interac-
tions reached significance level for this group. For the fall-
prone older adults, we also found significant main effects 
of trial type [F (1, 22) = 24.501, p < 0.001), and sOa [F 
(2, 44) = 30.966, p < 0.001], and a trend to a main effect 
of body stance [F (1, 22) = 3.136, p < 0.09]. the inter-
action between trial type and sOa was significant [F (2, 
44) = 19.939, p < 0.001], as it was for the healthy older 
adults. however, unlike the performance in the healthy 
older adult group, here we found a significant interaction 
between body stance and trial type [F (1, 22) = 4.490, 
p < 0.05], which is shown in Fig. 2. Following on from our 
previously stated hypothesis, i.e. that fall-prone older adults 
would be more susceptible to illusory audio–visual stimuli 
whilst in a standing position, in which their balance would 
be compromised, compared with a seated position, we 
conducted planned comparisons examining the proposed 
hypothesis. For the fall-prone older adults, significantly 
fewer correct responses were made to the illusory trials 
when in a standing position compared with a sitting posi-
tion [F (1, 22) = 4.496, p < 0.05]. In contrast, there was no 
difference between the number of correct responses made 
to the congruent trials across either of the sitting or stand-
ing positions [F (1, 22) < 1] for this group. For healthy 
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Fig. 1  Mean RMs acceleration across the two multisensory condi-
tions and a baseline measure for fall-prone and healthy older adults

Table 3  the mean (and standard deviation) per cent responses made to each of the multisensory trial types responded to by fall-prone and 
healthy older adults

p values are reported for group comparisons using independent t tests

comparison Fall-prone (N = 23) (%) healthy (N = 21) (%) t test (two-tailed) p value

aV congruent—1 flash with 1 beep 96.6 (15.6) 96.4 (10.2) 0.33 0.974

aV congruent—2 flashes with 2 beeps 78.1 (15.9) 81.6 (12.1) −0.817 0.424

aV illusory—1 flash 2 beeps 33.5 (34.7) 39.1 (34.1) −0.537 0.594
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older adults, there was no difference between performance 
in a sitting or standing posture either for the aV illusory tri-
als [F (1, 20) < 1] or the aV congruent trials [F (1, 20) < 1].

Finally, for completeness and in line with the previous 
studies (setti et al. 2011; Foss-Feig et al. 2010), we com-
pared performance to trials in which the second auditory 
beep preceded or lagged behind the audio–visual ‘flash’ 
stimulus for each of the participant groups. We found that 
performance for both the healthy and the fall-prone older 
adult groups was affected by the sequence of stimuli sug-
gesting that older adults were more susceptible to the 
illusion when the ‘beep’ preceded than lagged behind the 
audio–visual ‘flash’ stimulus [F (1, 19) = 5.948, p < 0.03 
and F (1, 22) = 8.625, p < 0.01, respectively].

Discussion

the present study was designed as an attempt to elucidate 
the relationship between multisensory integration and bal-
ance control in older adults. the results of the current study 
suggest two main findings. First, we found that there was 

greater body sway for fall-prone older adults than healthy 
older adults in both mediolateral and anterior–posterior 
directional planes. Interestingly, apart from the baseline 
measures, this difference in body sway across the groups 
was found under certain multisensory conditions only, 
specifically for conditions in which participants were pre-
sented with the sound-induced flash illusion trials but not 
when they conducted the multisensory congruent trials. 
also, postural sway increased from the presentation of the 
audio–visual congruent to the audio–visual illusory condi-
tions for the fall-prone older adults only. this distinction 
was not present for healthy older adults, in that postural 
sway was unaffected by the nature of the multisensory 
stimulation. the second main finding was that fall-prone 
older adults were more susceptible to the illusion when 
they were standing than when sitting, whilst, in contrast, 
no such difference was found across the body stance condi-
tions for the healthy older adults.

these findings suggest that the multisensory illusory tri-
als were more challenging for fall-prone older adults when 
compared to their healthy counterparts. On the face of it, 
these results may seem compatible with a previous litera-
ture which suggests that posture control in older adults with 
a history of falls is affected by dual-task conditions (for a 
review, see schaefer and schumacher 2011). For example, 
Maylor and Wing (1996a, b) found that when older adults 
had to maintain balance whilst performing one of a vari-
ety of cognitively demanding tasks (e.g. random digit gen-
eration, Brooks’ spatial memory, backward digit recall, or 
counting tasks), their postural stability decreased. Moreo-
ver, postural stability was particularly affected when older 
adults performed tasks based on visuospatial processing 
(Maylor and Wing 1996a, b). Recent findings have also 
suggested that training programmes based on dual tasks 
were successful in improving measures of standing balance 
and mobility (li et al. 2010) as well as improving dual-task 
cognitive performance such as the stroop task (hiyamizu 
et al. 2012). It has also been shown that dual-task para-
digms may be useful as clinical assessments for measuring 
the effects of cognitive impairment on postural control and 
are sensitive in predicting the risk of falls in older adults 
(Woollacott and shumway-cook 2002; shumway-cook 
et al. 1997).

In the present study, it could be speculated that the addi-
tional cognitive demands brought about by the dual-task 
situation of balance control as well as the perceptual task 
had a detrimental effect on postural control for fall-prone 
older adults but not for healthy older adults. however, such 
an explanation of the performance is not completely satis-
factory for several reasons. First, under the same audio–vis-
ual stimulus conditions, albeit when the auditory and visual 
stimuli were congruent, no group differences emerged. 
Moreover, accuracy performance in this condition, as well 
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as the overall accuracy performance to the illusory trials, 
did not differ across groups. second, it is reasonable to sug-
gest that the effect of a dual task on balance would increase 
dependant on the amount of stimuli involved in a cognitive 
secondary task. however, we found no evidence of a defi-
cit in task performance or postural sway with an increasing 
number of stimuli presented: accuracy was lower and body 
sway was greater when participants were presented with 3 
stimuli (1 visual and 2 auditory) as in the sound-induced 
flash illusion trials than when presented with 4 stimuli (2 
visual and 2 auditory) as in the multisensory congruent 
trials (see tables 2, 3 above). Moreover, task difficulty 
increased (less accurate performance) between the ‘1 flash 
with 1 beep’ and ‘2 flashes with 2 beeps’ congruent con-
ditions, but this was not associated with a change in bal-
ance sway. Finally, the task remained the same throughout 
all of the multisensory conditions (i.e. to report the num-
ber of visual stimuli). therefore, we would argue that any 
task-related, demand factors involved do not explain our 
findings.

Because of a concern that body sway may affect per-
formance on the sIFI simply because of the concomitant 
effect on the properties of the visual stimulus (i.e. stimulus 
size and distance from fixation), we investigated whether 
any relationship existed between the degree of body sway 
and performance on the sIFI. First, susceptibility to the 
sound-induced flash illusion was not significantly corre-
lated with postural sway for either fall-prone older adults 
(r = 0.06, p = 0.77) or healthy older adults (r = 0.17, 
p = 0.45). We then looked specifically at body sway along 
the anterior–posterior dimension (i.e. the direction most 
likely to affect the properties of the visual stimulus). there 
was no correlation between postural sway and susceptibil-
ity to the sound-induced flash illusion for either the fall-
prone (r = 0.02, p = 0.90), or healthy (r = 0.26, p = 0.24) 
older adults. secondly, evidence from previous studies has 
shown that the sound-induced flash illusion is robust to the 
visual angle of the stimulus. For example, different stud-
ies report the effects of the illusion across different visual 
angles from 1° (Bizley et al. 2012) to 1.5° (setti et al. 2011; 
Rosenthal et al. 2009) or 2° (Kamke et al. 2012), and when 
the visual angle of the eccentricity from fixation varied 
from 5° (setti et al. 2011) to 7° (Rosenthal et al. 2009) or 
even 12° (shams et al. 2005). In the present experiment, 
participant sway by ±10 cm along the anterior–posterior 
axis may result in a deviation of ±0.3° in stimulus size 
and a deviation of ±1° in eccentricity from fixation. as 
our and previous findings suggest, it is unlikely that these 
slight variations in the visual angle subtended by the visual 
stimulus due to participant movement would affect their 
susceptibility to the sound-induced flash illusion.

In accordance with the previous findings (setti et al. 
2011), we found that the older adults were susceptible to 

the sound-induced flash illusion with no significant recov-
ery as the sOa increased from 70 to 150 ms and 270 ms. 
however, we found no overall group difference in suscepti-
bility to the illusion across the fall-prone and healthy older 
adult groups. this finding is in contrast with a previous 
report by setti et al. (2011) in which older, fall-prone adults 
were found to be more susceptible to the sound-induced 
flash illusion than their healthy counterparts. although it 
is not clear why we did not find an overall difference in 
susceptibility across the older adult groups, there are some 
differences across the studies, which may have affected the 
results. First, the average age of both the fall-prone and 
healthy participants in the present study was 2 years older 
than the age of the participants recruited to the setti et al. 
study. as setti et al. (2011) reported, ageing is associated 
with an increase in susceptibility to the sound-induced flash 
illusion, therefore, the relative increase in age of the par-
ticipants in the present study may have masked any group 
differences which may have been present. second, a wider 
range of sOas was tested in the setti et al. (2011) study 
compared to the present study (7 and 3, respectively), 
which may have reduced the possibility of observing differ-
ences across the groups.

the results of the present experiment suggest a direct 
association between balance maintenance and multisensory 
processing. Previous research has suggested an age-related 
decline in the efficient integration of information across 
multiple senses (e.g. Barrett et al. 2013; setti et al. 2011) or 
in reweighting sensory information (Poliakoff et al. 2006; 
hugenschmidt et al. 2009; shumway-cook and Woollacott 
2000). the present result suggests that when inefficient 
multisensory integration is linked to posture control, this 
could, in turn, increase the risk of falls. Moreover, balance 
maintenance (as measured by postural sway during stand-
ing) in fall-prone older adults increased during the pres-
entation of incongruent (i.e. illusory) multisensory trials 
relative to congruent multisensory stimulation. No such 
effect of multisensory stimulation on postural sway was 
found in healthy older adults. Moreover, although postural 
sway increased in fall-prone older adults in general com-
pared to healthy older adults, the magnitude of this group 
difference was greatest when the participants were exposed 
to incongruent audio–visual stimuli. Previous studies have 
suggested that perception in older adults benefits from 
audio–visual stimulation particularly when the audio–
visual stimuli are congruent (laurienti et al. 2006; Peiffer 
et al. 2007; Mahoney et al. 2011; Diederich et al. 2008). 
Indeed, we observed a slight reduction (albeit not signifi-
cant) in postural sway between the baseline condition and 
the aV congruent condition in the fall-prone older adults 
only. this observation is consistent with a reliance on con-
gruent multisensory stimulation for efficient perception 
particularly in the fall-prone older adult group. however, 
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this over-reliance on multisensory stimulation comes at a 
cost in that fall-prone older adults have a specific difficulty 
in processing incongruent audio–visual stimuli that, in turn, 
may have a direct effect on their ability to maintain postural 
control. this challenge to balance maintenance evoked by 
inefficient multisensory processing may result in increased 
postural sway and thus lead to increased fall-risk.

For fall-prone older adults relative to healthy older 
adults, the debilitative effect of maintaining posture control 
during a multisensory perceptual task cannot be accounted 
for by either a difference across groups in sensory process-
ing or in general cognitive function as both groups of older 
adults were matched on a number of assessments includ-
ing visual acuity, visual contrast sensitivity, auditory acu-
ity, and MMsE. Moreover, there were no group differences 
between performance on the unisensory and multisensory 
trials in the task, suggesting that there were no underly-
ing differences in perceptual function across the groups. 
however, previous findings suggest that performance on 
cognitive tasks whilst performing the secondary task of 
maintaining balance may become impaired, especially if 
the difficulty of the balance task is increased (andersson 
et al. 2002; Yardley et al. 2001; Kerr et al. 1985). there is 
evidence for a “posture-first” strategy in which participants 
in dual-task scenarios sacrifice performance on cogni-
tive tasks and prioritize maintaining balance control (for a 
review, see Bloem et al. 2006). thus, whilst the fall-prone 
older adults were in a standing position, in which they had 
to maintain balance, perhaps there is a smaller allocation of 
attentional resources to the multisensory task and thus irrel-
evant stimuli may be more automatically processed. this 
may result in an increase in erroneous, or illusory, percepts 
when the cross-modal information is incongruent, such as 
in the sound-induced flash illusion. healthy older adults 
may not require the same amount of attentional resources 
as fall-prone older adults to maintain balance, thus perhaps 
they would have more resources to allocate to the percep-
tual task.

In sum, our findings suggest an interesting link between 
balance maintenance and multisensory integration in age-
ing. the results suggest that maintaining balance control 
is compromised by an increased inefficiency in multisen-
sory processing for fall-prone older adults but not healthy 
older adults. Inefficient multisensory integration may 
lead to distractibility and sensory confusion resulting in 
an increase in the risk of having a fall. What is unclear, 
however, is whether multisensory information process-
ing in general is less efficient in older persons with a his-
tory of falling, or whether this inefficiency is related to 
the specific processing of information relevant to balance 
control. Future research on the link between balance main-
tenance and audio–visual integration could focus on the 
longitudinal effects of multisensory processing on gait and 

balance maintenance in order to determine the specific-
ity of the effects and elucidate causal factors. Our current 
results, however, suggest that multisensory training may 
be an important factor in rehabilitation and may provide an 
effective intervention in reducing the risk of falls in older 
adults.
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