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In the Sound-Induced Flash Illusion (SIFI) sound dramatically alters visual perception, as presenting a single flash
with two beeps results in the perception of two flashes. In this comprehensive review, we synthesise 20 years of
research using the SIFI, from over 100 studies. We discuss the neural and computational principles governing this
illusion and examine the influence of perceptual experience, development, ageing and clinical conditions.
Convergent findings show that the SIFI results from optimal integration and probabilistic inference and directly
reflects crossmodal interactions in the temporal domain. Its neural basis lies in early modulation of visual cortex
by auditory and multisensory regions. The SIFI shows increasingly strong potential as an efficient tool for
measuring multisensory processing. Greater harmonisation across studies is now required to maximise this po-

tential. We therefore propose considerations for researchers relating to choice of stimulus parameters and
signpost directions for future research.

1. Introduction

Our perception of the world results from the convergence of infor-
mation from multiple senses. In most cases, sensory integration is
beneficial to perception as it capitalises upon the most reliable infor-
mation available across sensory channels. Presenting stimuli to multiple
senses increases stimulus saliency (Noesselt et al., 2008; Odgaard et al.,
2004; Stein et al., 1996) and perceived intensity (Stein et al., 1996),
serving to enhance basic perceptual tasks such as target detection
(Diederich and Colonius, 2004; Forster et al., 2002; Gondan et al., 2005;
Lovelace et al., 2003; Nelson et al., 1998). However, in some cases,
combining information across the senses can lead perception astray,
resulting in illusions. Some classic examples are cases in which observers
are presented with conflicting stimuli across modalities leading to
well-known perceptual effects such as the ventriloquist effect (Howard
and Templeton, 1966), visual capture (Hay et al., 1965; Rock and Victor,
1964), McGurk effect (McGurk and MacDonald, 1976), rubber hand
illusion (Botvinick and Cohen, 1998) and the Colavita effect (Colavita,
1974; for review see Hirst et al., 2018a). In such examples, visual

Abbreviation: SIFI, Sound-Induced Flash illusion.

information overrides or alters the percept in another modality, sug-
gesting that vision is the dominant sensory modality in humans.

In contrast to these earlier well-known multisensory illusions, the
Sound-Induced Flash Illusion (SIFI), in which the rapid presentation of a
single visual stimulus, a ‘flash’, with two auditory ‘beeps’ results in the
perception of two flashes (Fig. 1a; Shams et al., 2000) demonstrates a
radical alteration of visual perception by sound, even when there is no
apparent ambiguity in the visual stimulus. Importantly, this illusion
demonstrates that vision is not always the dominant modality in
humans, but can be qualitatively altered by sound. Since its discovery,
many studies have shown this illusion to be a promising measure of
integration (Fig. 1b), with effective validity, robustness to a variety of
parameters, and universality (Rosenthal et al., 2009; Shams et al., 2002).
In a typical experiment participants tend to perceive the illusion in a
large number of trials. However, this number can vary depending on
experiment set up, with recent reports indicating the illusion occurs on
around 50 % of trials conducted by the individual (Keil, 2020) but
several studies report more (Cecere et al., 2015; Shams et al., 2002).

The SIFI has shed light on the nature and mechanisms of human
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multisensory perception as recently reviewed in Keil (2020). Perhaps
due to the simple nature of the task, the paradigm has also been used to
detect sensory processing differences across several clinical subgroups
including autism (Foss-Feig et al., 2010; Kawakami et al., 2018; Keane
et al., 2010; Stevenson et al., 2014; van Der Smagt et al., 2007),
schizophrenia (Balz et al., 2016b; Ferri et al., 2018; Hal et al., 2017;
Odegaard and Shams, 2017; Vanes et al., 2016), migraine (Brighina
et al., 2015, 2014; Di Marco et al., 2015; Maccora et al., 2019), mild
cognitive impairment (Chan et al., 2015), multiple sclerosis (Yalachkov
et al., 2019), fall-prone older adults (Setti et al., 2014, 2011; Stapleton
et al., 2014), hemispatial neglect (Bolognini et al., 2016), amblyopia
(Narinesingh et al., 2017), monocular enucleation (Moro and Steeves,
2018) and hearing aid users (Gieseler et al., 2018). Very recently, the
illusion has also been observed in rodents (Ito et al., 2019), opening up
new avenues for translational models of multisensory perception using
this paradigm.

We begin this review by discussing the theoretical context in which
the SIFI falls. We then synthesise the existing literature to discuss the
neural origins of the effect, findings in several sub-populations and the
effect of various stimulus parameters on SIFI susceptibility. We aim to
provide a timely, and thorough, update on almost 20 years of in-
vestigations based on the SIFIL.

1.1. Theoretical context: the flexible nature of multisensory processing

The SIFI suggests that visual perception is modifiable by sound
(Shams et al., 2002) and therefore challenges the traditional view in
human perceptual science that vision dominates other senses, which
may have lead to proportionally more research on vision than other
sensory modalities (Hutmacher, 2019). The SIFI therefore represents an
important milestone in a shift towards a more general, ethologically
relevant, theory of human perception involving multisensory
processing.

Several theories have been proposed to explain why one sense can
dominate in some circumstances, whilst others dominate in others. The
directed attention hypothesis proposes that the attended modality drives
perception (Amedi et al., 2017; Welch and Warren, 1980). This theory
would predict that biasing attention towards vision should reverse the
SIFI. The SIFI is reported to occur even when participants are explicitly
instructed to attend to either vision or audition (Odegaard et al., 2016).
However, Deloss et al. (2013) found that introducing a visual Go/No-Go
task reduced SIFI effects, possibly due to biasing attention to visual
targets. Andersen et al. (2004) found that instructing participants to
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attend to audition was not sufficient to reverse the SIFI, although
concurrently lowering the intensity of the auditory stimulus to near
threshold levels did reverse SIFI effects, such that vision influenced
audition. These findings indicate that whereas attention alone may not
modulate the SIFI, manipulating the reliability of information presented
to each sense may influence SIFI perception.

The modality-appropriateness hypothesis suggests that the sense most
appropriate to the given task drives perception (Welch and Warren,
1986). As such, vision tends to dominate in spatial judgements, whilst
audition dominates temporal judgements, as a result of their respective
spatial and temporal resolutions (e.g. McGovern et al., 2016a, 2016b).
While this theory may explain the typical interactions between the
modalities, it fails to predict behaviour when the stimuli in the ‘domi-
nant’ modality are impoverished and unreliable (Alais and Burr, 2004).

Models based on the reliability of information in each sense e.g.
maximum likelihood estimation model (Ernst and Banks, 2002; Ernst and
Biilthoff, 2004) propose that sensory information is weighted according
to its relative reliability and precision in a given task. However, such
models assume that sensory signals are always fused even when there is
a large conflict between the signals. Therefore, this approach cannot
account for an absence of integration (i.e. segregation) or partial inte-
gration between the senses seen in the SIFI (Shams, 2012; Shams and
Beierholm, 2011). Moreover, reliability models do not account for the
role of prior knowledge or expectation on multisensory perception.

The SIFI can be considered a temporal numerosity judgment task, in
which the task is to determine the number of visual events and/or
auditory events. There are two types of prior knowledge/expectations
that could influence perception in this task. One is the prior expectation
for a given number of events (i.e. number of flashes/beeps). This prior
can vary across individuals perhaps depending on their experience. For
example, if an individual is frequently exposed to environments con-
taining flashing lights (such as discos) or pulsating sounds (e.g., trucks
beeping while reversing), this might induce the expectation of a higher
number of perceptual events, resulting in a higher incidence of fission
illusions (perceiving one flash as two when presented with two beeps).
In line with this, informing participants to expect a larger proportion of
single flash trials can decrease the illusion (Wang et al., 2019).

The second type of prior knowledge/bias that can influence
perception is the expectation that auditory and visual stimuli share a
common cause. This also varies across individuals and can be influenced
by life experience, the experimental setup or experimenter instructions.
For example, if prior experience favours the binding of auditory and
visual stimuli (e.g. by extensive and repeated exposure to congruent
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Fig. 1. a) Example illusory condition in the SIFI paradigm in which one flash is presented with two beeps (upper), typically producing the perception of two flashes
(lower). Visual stimuli are typically presented for the duration of 1 frame (10 ms on a 100 Hz monitor); b) frequency of publications since the first report of the SIFI
(Shams et al., 2000); TIFI = Touch-Induced Flash Illusion; SIFI = Sound-Induced Flash Illusion. Total n =112.
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visual and auditory stimuli) or if the experimental setup (e.g. task in-
structions) biases the observer into believing that the flashes and beeps
have a common source, an increase the incidence of SIFI would be
expected.

To address this latter type of bias, a “coupling prior” was proposed to
encapsulate prior expectation of the co-occurrence of sensory signals, in
effect serving to determine the probability that two signals originate
from the same source and should, therefore, be integrated (Ernst, 2010).
While this model can account for behavioural performance better than
the maximum likelihood model, due to its linear nature, it still falls short
in accounting for situations where sensory signals are segregated,
particularly relative to other models such as causal inference (Kording
et al.,, 2007). Substantial evidence suggests that the SIFI reflects
Bayesian causal inference in which both the causal structure (i.e.
whether or not the flashes and beeps have a common cause) and the
integration of the signals (i.e. resolving the discrepancy between the
signals if they are inferred to have a common cause) are computed based
on normative Bayesian inference (Odegaard et al., 2016; Odegaard and
Shams, 2016; Shams et al., 2005b; Wozny et al., 2008). In the causal
inference model, all three factors, namely the relative reliability of
sensory signals, as well as the prior expectation of numerosity, and the
prior expectation of a common cause are taken into account in deter-
mining the final percept. Currently, Bayesian causal inference models
appear to best describe behavioural performance in the SIFI (Odegaard
et al., 2016; Odegaard and Shams, 2016; Shams et al., 2005b; Wozny
et al., 2008).

Neuroscience and Biobehavioral Reviews 118 (2020) 759-774
2. Neural correlates of SIFI susceptibility
2.1. Structural and functional correlates

Most research investigating SIFI suggests that the illusion arises from
processes occurring at least as early as primary visual cortical regions
(V1) in which auditory inputs influence early visual representations.
However, it is also possible that both early and late neural mechanisms
contribute to the illusion (Keil, 2020). Candidate cortical regions
implicated in the SIFI are illustrated in Fig. 2. Grey matter density in
primary visual cortex (V1) has been shown to negatively correlate with
SIFI susceptibility in young adults (de Haas et al., 2012). The primary
interpretation of this finding is that the weighting of multisensory pro-
cessing is determined by the availability of neural resources, with less
available visual resources (i.e. grey matter) resulting in a greater influ-
ence from other sensory systems on perception. An alternative expla-
nation is that the occipital cortex supports multisensory function
(Murray et al., 2016b), therefore reduced grey matter in this region
corresponds to reduced multisensory integration. Evidence that occipi-
tal damage, resulting in visual field defects, reduces SIFI susceptibility
supports this idea (Bolognini et al., 2016). Interestingly, de Haas et al.
(2012) reported that grey matter density in other candidate regions,
such as the Superior Temporal Sulcus (STS), auditory cortex and the
superior colliculus (SC), was not associated with SIFI perception.

Using functional magnetic resonance imaging (fMRI), Watkins et al.
(2006) found stronger BOLD responses in V1, the right STS and the right
SC for trials inducing the SIFI versus no illusion. Watkins et al. suggest
that the STS may be the human homologue of the Superior Temporal
Polysensory area in macaque cortex previously implicated in multisen-
sory processing (Beauchamp, 2005; Beauchamp et al., 2004; Calvert
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Fig. 2. Regions associated with SIFI from MRI, fMRI, MEG and EEG source localisation. Nodes indicate X, Y Z coordinates derived from each study (these were
estimated if reported Brodmann’s area reported). Shaded areas highlight common regions of interest. For a complete list of areas and details regarding coordinate

estimation, where applicable, see the Supplementary spreadsheet.
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et al., 2000; Olson et al., 2002). These findings implicate a hierarchy,
and possible right lateralisation, of multisensory subcortical and cortical
brain regions in producing the SIFI, including the SC, V1 and STS.

2.2. The time-course of processing

Given the temporal nature of the SIFI, most investigations as to the
neural basis of the illusion have utilised techniques with high temporal
resolution (i.e. Electroencephalography, EEG, and Magnetoencepha-
lography, MEG). Modulations associated with SIFI perception have been
found as early as 47 ms post visual stimulus presentation using MEG
(Shams et al., 2005a) and ~120 ms post visual stimulus presentation
using EEG (Arden et al., 2003; Mishra et al., 2007). Fig. 3 illustrates the
observed timing of these reported effects. The early latency of in-
teractions suggests the illusion originates from direct auditory-visual
cortical projections. In support of this, occipital anodal stimulation
combined with temporal cathodal stimulation has been found to reduce
SIFI susceptibility (Bolognini et al., 2011).

Direct connections between auditory and visual cortical regions,
found in non-human primates (Falchier et al., 2002; Rockland and
Ojima, 2003) and humans (Eckert et al., 2008), appear predominantly in
areas of visual cortex serving peripheral vision, especially regions of the
visual field with eccentricities of 10-20° (Eckert et al., 2008; Falchier
et al., 2002). Whilst this might explain why the SIFI, and associated
electrophysiological modulations, are more likely to occur to visual
stimuli presented in the periphery (Shams et al., 2001), the most com-
mon stimulus position is at an eccentricity of 5°, therefore we cannot
definitively conclude that direct auditory-visual connections govern the
SIFL. Nevertheless, early inter-regional communication may occur via
multiple mechanisms, including oscillatory synchronisation and phase
resetting (Mercier et al., 2015, 2013).

Mishra et al. (2007) found that an early onset Event-Related Poten-
tial (ERP, termed positive deflection, PD120) localised to extrastriate
cortices differed between individuals who did and did not perceive the
illusion. Two early negative difference components, occurring at 110 ms
and 130 ms and localised to the superior temporal gyrus, also differen-
tiated trials that evoked or did not evoke the illusion within individuals.
The earlier negative deflection (ND) did not significantly differ from the
unisensory evoked auditory N1, suggesting that early auditory pro-
cessing influenced the perception of a secondary illusory flash. The later
component, the ND130, was proposed to reflect an electrophysiological
manifestation of the associated BOLD response in the STS using fMRI
(Watkins et al., 2006). Taken together, this evidence supports a role of
both primary sensory (i.e. auditory) and higher order cortical regions in
driving SIFI perception.

In further support that crossmodal interactions in the SIFI are not
limited to early visual processes. Shams et al. (2005a) reported anterior
modulations ~125 ms post visual stimulus onset, followed by occipital
and parietal modulations at ~145ms, and finally global interactions
between ~340 to 478 ms post visual stimulus. Keil et al. (2014) also
reported cingulate activity 265—280 ms following auditory stimulus
onset specifically associated with illusion trials. Keil et al. attribute
cingulate activity to ongoing conflict monitoring processes (Botvinick
et al., 2001). Later global activity has been attributed to the generation
of a coherent percept established by fusing incongruent audiovisual
signals (Bhattacharya et al., 2002; Shams et al., 2005a). Together, these
findings indicate that a wide network of cortical regions, recruited at
multiple stages of information processing, underlies the SIFI percept.

Studies using Transcranial Magnetic Stimulation (TMS) have shown
that the disruption of the right Angular Gyrus (AG) reduces SIFI sus-
ceptibility (Hamilton et al., 2013; Kamke et al., 2012). As the AG plays a
role in perceiving numerosity (Dehaene et al., 2003), it is possible that
these effects reflect altered numerical judgements in the SIFI (Hamilton
et al., 2013). Nevertheless, the AG has been described as a crossmodal
hub and a convergence zone for sensory and cognitive processes
(Seghier, 2013) and recent evidence has linked grey matter volume
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differences in this region with SIFI perception in older adults (Hirst
et al., under review,).

Thus far, we have focused on the neural basis of the “fission” variant
of the SIFI. However, the literature also points to the existence of a
“fusion” illusion, whereby presenting one beep with two flashes results
in the perception of one flash (Andersen et al., 2004; Shams et al.,
2005b; Watkins et al., 2007; Wozny et al., 2008). It is an open question
whether fission and fusion effects reflect the same underlying mecha-
nisms (McGovern et al., 2014). In fusion trials, the response to the sec-
ond flash is weaker at ~160 ms post-presentation (Meylan and Murray,
2007). Mishra et al. (2008) found that fusion-related ERP components
occurred at ~180 ms post audiovisual stimulus onset and were localised
to superior temporal and inferior frontal gyri. Innes-Brown et al. (2013)
found trials associated with the fusion illusion elicited early superior and
inferior parietal activity (130—160 ms) followed by activity in primary
and secondary visual cortex (300—320 ms post first stimulus onset).
From these studies, the components associated with fusion thus occur
later in time relative to fission effects, and modulations seen in V1 may
lag those in parietal cortex. However, it is possible that this reflects
differences between the visual stimuli across fission and fusion trials (i.e.
one versus two events, respectively).

2.3. Oscillatory activity and pre-stimulus brain states

Emerging evidence supports oscillatory synchronisation as a core
mechanism for inter-sensory interactions (for reviews see Bauer et al.,
2020; Keil and Senkowski, 2018). Accordingly, it is thought that the SIFI
is also mediated by pre-stimulus brain states and ongoing oscillatory
activity in the range of gamma, alpha and beta.

High frequency gamma (30 —90 Hz) oscillatory activity is proposed
to arise primarily from perisomatic inhibition (Gyorgy and Xiao-Jing,
2012) and, in harmony with other rhythmic frequency patterns such
as beta, is thought to be involved in the anticipatory coordination of
multiple brain regions (Engel et al., 2001). Gamma has been associated
with numerous cognitive functions including feature binding (Herrmann
et al., 2010; Singer and Gray, 1995) and early attention-based modu-
lation in multisensory perception (Senkowski et al., 2005). With regards
to the SIFI, pre-stimulus (Kaiser et al., 2019) and post-stimulus (Mishra
et al.,, 2007) gamma-band activity positively correlates with suscepti-
bility (Bhattacharya et al., 2002) and occipital gamma, between ~130
and 222 ms post-stimulus onset, has been reported to differentiate trials
in which the illusion was perceived or not (Mishra et al., 2007). Gamma
activity occurring within this time-frame may reflect top-down atten-
tional effects underlying feature binding (Engel et al., 2001). One
mechanism proposed to underlie this phenomenon is inhibitory neural
synchronisation mediated by gamma-aminobutyric acid (GABA).
Indeed, GABA may provide an index to the ability of neurons to integrate
upstream inputs (Gyorgy and Xiao-Jing, 2012). Consistent with this
proposal, Balz et al. (2016a) found that GABA concentration in the STS
was positively related with both gamma power and SIFI perception. In
turn, SIFI susceptibility may therefore provide a biomarker for indi-
vidual differences in GABA concentration, cortical excitability and the
capacity for sensory integration.

Alpha-band activity (8-12 Hz) typically increases when the eyes are
closed and decreases when the eyes are open. Such event-related alpha
synchronisation and desynchronisation may reflect cortical inhibition
and release from inhibition, respectively (Klimesch, 2012). In the
multisensory domain, pre-stimulus alpha has been associated with vi-
sual cortex excitability (Lange et al., 2014, 2013), interactions between
auditory and visual cortices (Keil et al., 2014) and linking priors with
perception (Rohe et al., 2018; see Lange et al., 2014 for a review). In
terms of SIFI perception, individuals with lower alpha frequency are
more susceptible to the SIFI (Keil and Senkowski, 2017), even in a tactile
version of the illusion (van Erp et al., 2014). At an individual level, Keil
et al. (2014) found that trials on which the illusion was perceived were
associated with increased alpha phase synchrony between auditory and
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Fig. 3. Time-course of oscillatory activity and regions showing audiovisual interactions across MEG and EEG studies for Fission (right side of arrow) and Fusion (lefts
side of arrow) effects. STS = Superior Temporal Sulcus, IFG = Inferior Frontal Gyrus, MTG = Medial Temporal Gyrus.

visual cortices (BA18), as well as between primary visual cortex and
medial frontal (BA4) regions, alongside lower synchrony between pri-
mary visual and inferior frontal (BA44) regions. Indeed, manipulating
occipital alpha frequency towards slower or faster oscillations has been
shown to produce stronger and weaker changes in SIFI susceptibility
within individuals, respectively (Cecere et al., 2015), while presenting
stimuli at the trough of the alpha activity reduces SIFI susceptibility (van
Erp et al., 2014). Alpha activity may therefore help elucidate the
mechanisms underpinning inter- and intra-individual variability in SIFI
susceptibility.

Beta-band activity (13—35 Hz), associated with spontaneous cogni-
tive processing during rest (Laufs et al., 2003), might indicate individual
perceptual predispositions, such as the functional coupling of visual and
auditory cortices (Keil et al., 2014), and has therefore been used to infer
a network of connectivity underlying SIFI (Chan et al., 2017; Keil et al.,
2014). Keil et al. (2014) found that between ~500—100 ms pre-stimulus
onset, stronger beta phase-locking between the Medial Temporal Gyrus
(MTG) and auditory cortices and lower phase-locking between MTG and
visual cortices preceded the perception of the illusion, suggesting that
the MTG might be involved in weighting perception in favour of audi-
tory processing prior to SIFI perception. Additionally, Chan et al. (2017)
found that recruitment of the right medial frontal gyrus, as well as
connectivity between auditory cortices and the right MTG, related to
SIFI perception and that pre-stimulus beta activity was stronger in older
adults, possibly indicating a stronger use of priors in this cohort.

Whilst it is useful to consider the role of individual frequency bands,
it should be noted that complex cross-frequency interactions also likely
underlie the integration processes that give rise to the SIFI (Keil and
Senkowski, 2018). For example, beta/gamma activity occurring within
170—50 ms pre-stimulus onset has been shown to predict SIFI percep-
tion on a trial-by-trial basis (Kaiser et al., 2019).

3. Perceptual experience

Based on the role that prior knowledge plays in multisensory
perception (Shams et al., 2005b), it is expected that the SIFI would be
influenced by experience. Consistent with this is evidence that the
pattern of susceptibility in older adults is influenced by the urbanity of
childhood residence (Hirst et al., under reviewy). Furthermore, recent
exposure to a large number of Stimulus Onset Asynchronys (SOAs)
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between flash and beep stimuli reduces SIFI susceptibility (Chan et al.,
2018). Finally, although trained observers do remain susceptible to the
SIFI (Shams et al., 2000), they may obtain a more veridical perception
over time, for example, through responding “something other than 1 or
2 flashes” if given this alternative option (van Erp et al., 2013). Un-
derstanding whether SIFI susceptibility is modifiable with training or
‘expertise’ is essential to evaluating whether the SIFI can be used to
assess interventions aimed at improving the “efficiency”’ of multisen-
sory integration (e.g. Setti et al., 2014).

3.1. Perceptual training and the SIFI

Rosenthal et al. (2009) found that SIFI susceptibility was not influ-
enced by single session, trial-by-trial feedback. However, when feedback
was coupled with increasing monetary reward for accuracy, the number
of illusory responses reduced although participants still perceived the
illusion leading Rosenthal et al. to conclude that the SIFI is a perceptual
phenomenon resistant to single session training.

Setti et al. (2014) found that 5 days of training on an audiovisual
Temporal Order Judgement task (TOJ) improved the efficiency® of SIFI
perception in healthy older adults. However, training effects were not
observed in all participants, possibly due to inter-individual differences
in susceptibility to training, the initial size of the Temporal Binding
Window (TBW) or both (Powers et al., 2009) and it is not yet known
whether training effects are sustained over the long term. In contrast to
the findings of Setti et al. (2014), Powers et al. (2016) did not find
changes to the SIFI following 5 days of training on a simultaneity
judgement task; instead they found benefits for discriminating two
flashes from one flash when presented in silence or with a congruent
number of beeps. However, both studies reported a negative correlation
between SIFI susceptibility and the narrowing of the TBW following
training. It is possible, therefore, that these training tasks influenced
different mechanisms (McGovern et al., 2016a, 2016b) with TOJ
training more related to performance on illusory trials. The discrepant

1 Setti et al. use the term “efficient” to refer to a pattern of multisensory
integration, typical of young adults (Shams et al., 2000), in which SIFI sus-
ceptibility is greatest at SOAs between 70 and 100 ms but declines at SOAs
longer than 100 ms (e.g. Fig. 4a).
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results may also be due to age differences across studies: Powers et al.
(2016) recruited younger adults whilst Setti et al. (2014) recruited older
adults for whom integration may be less efficient and therefore
amenable to improvement.

3.2. Expertise effects

To date, two studies have investigated the effect of expertise on SIFI
susceptibility, one with musicians and the other with bilinguals. Musi-
cians are reported to have narrower TBWs (Lee and Noppeney, 2014,
2011) and appear less susceptible to the SIFI at long SOAs (Bidelman,
2016) whereas bilinguals appear to have wider TBWs and are therefore
more susceptible to the SIFI (Bidelman and Heath, 2018). Musicians
represent a group of individuals with expertise in the auditory domain,
and manifest more precise temporal judgements for both auditory and
visual stimuli (Rammsayer et al., 2012). Consequently, perception in
trained musicians appears to be less reliant upon perceptual priors, for
example, they appear less influenced by the “central tendency prior” for
duration estimation (Aagten-Murphy et al., 2014).

With regards to bilingualism, Bidelman and Heath (2018) highlight
that learning a second language requires exposure to, and integration of,
unique auditory and visual cues that are often not present in one’s first
language. However, it remains unclear whether wider TBWs represent
an optimal strategy for language learning, as ‘over-integration’ might be
considered suboptimal, resulting in attributing two signals to a common
source despite different origins. The implication of audiovisual inte-
gration, in the temporal domain, for language learning therefore rep-
resents a direction for future research.

4. Development and ageing

Multisensory processing is known to change across the lifespan in
line with a developmental narrowing of the TBW during childhood
followed by age-related widening into older adulthood (Noel et al.,
2016). As such, children appear more susceptible to SIFI compared with
adults (Innes-Brown et al., 2011) and susceptibility decreases between
the ages of 6 and 12 years (Nava and Pavani, 2013). Adams (2016) found
that although SIFI susceptibility decreased from 4 to 11 years of age,
children younger than 8 years used a modality switching strategy. Thus,
SIFI susceptibility in early childhood might not arise from the same
optimal integration processes reported in adults (Odegaard and Shams,
2016; Shams et al., 2005b; Wozny et al., 2008).

A developmental decrease in SIFI susceptibility is consistent with a
protracted development of multisensory integration (Ernst, 2008; Gori
et al., 2008; Murray et al., 2016a) and a developmental shift in sensory
dominance, from audition towards vision with development (Hirst et al.,
2018a; Nava and Pavani, 2013). However, not all studies report a
developmental decrease in SIFI susceptibility. For example, Tremblay
et al. (2007) reported an increase in the McGurk effect, a speech
perception illusion, between the ages of 5 and 19, but no evidence for a
change in SIFI with age. One potential explanation for this result is that,
if children are more auditory dominant (Hirst et al., 2018a) and audition
is still likely to influence visual perception in early childhood, then
young children would be susceptible to illusions in which audition in-
fluences vision (i.e. SIFI) but not vice versa (i.e. McGurk) (Hirst et al.,
2018b; Nava and Pavani, 2013). Moreover, the distribution of ages
differs across studies (6—12year olds in Nava and Pavani, 2013;
5—19year olds in Tremblay et al., 2007) and it is possible that greater
changes in SIFI perception are observed in early childhood.

Older adults are generally more susceptible to the SIFI than younger
adults and remain susceptible to the illusion at longer SOAs (McGovern
etal., 2014; Setti et al., 2014, 2011). This increase in susceptibility with
ageing is supported by evidence from a large population based study,
The Irish Longitudinal Study on Ageing (TILDA), in which over 4000
individuals aged over 50 were tested. The first analysis of this dataset
showed that key predictors of SIFI susceptibility were participant age,
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sex and cognitive status (Hernandez et al., 2019; Hirst et al., 2019b).
Follow up work in the TILDA study has shown that age-related changes
are in part, but not fully, accounted by age-related changes in unisensory
function (Hirst et al., 2019b; Hirst et al., 2020).

Perceptual experience across the lifespan might also alter suscepti-
bility to the SIFI as the role of relevant priors might increase (e.g. Chan
etal., 2017). Accordingly, when stimuli are presented over large SOAs in
the SIFL, older adults might continue to use auditory information based
on prior knowledge and altered unisensory sensitivity, despite the larger
temporal discrepancy between the signals.

Fission and fusion effects have been shown to follow different tra-
jectories across development and particularly with ageing. Innes-Brown
et al. (2011) found that although fission illusions decreased with
development, child and adult groups performed similarly for fusion il-
lusions. Similarly, McGovern et al. (2014) found that whilst older adults
were more susceptible to fission illusions, the fusion illusion did not
significantly differ between younger and older adults. This finding
suggests that dissociable neural mechanisms may underpin fission and
fusion illusions (discussed in more detail in Section 7).

One possibility is that the processes giving rise to fusion effects are
less susceptible to age-related decline. For example, attentional manip-
ulations of the SIFI (i.e. using a go no-go task in one modality) appear to
have a similar effect in younger and older adults (DeLoss et al., 2013).
However, a more parsimonious account for differences in fission and
fusion effects across the lifespan may be related to unisensory discrim-
inability. For example, Hirst et al. (2019b) reported that accuracy for
discriminating two flashes improved with age, whilst accuracy for
detecting two beeps declined with age. Since susceptibility to fission
illusions is influenced by the ability to detect two beeps, greater accu-
racy would correspond to a stronger illusory percept (as such, older
adults are less susceptible to fission effects at very short SOAs, Fig. 4b).
In contrast, fusion illusions result from pairing two flashes with one
beep, therefore a more reliable discrimination of two flashes would
mean that illusion susceptibility would not increase with age for fusion
effects. This emphasises the importance of taking individual unisensory
perceptual ability (i.e. discriminating two visual or two auditory stimuli)
into account during analysis of the results, or by adapting the timing of
stimuli presented during the task to the level of threshold performance.

In an examination of the SIFI in both development and ageing, Parker
and Robinson (2018) investigated the effect of vision upon audition and
vice versa. When asked to judge the number of flashes, fission effects
reached significance in younger and older adults but not in children
(contrasting Innes-Brown et al. (2011) and Nava and Pavani (2013)). In
line with McGovern et al. (2014), older adults did not significantly differ
from young adults in fusion susceptibility. When asked to judge the
number of beeps, children and older adults showed a stronger influence
of vision on audition compared with younger adults, and this was the
case for both fission and fusion illusions (in this case, reverse SIFI effects,
as the number of visual stimuli altered the number of perceived auditory
events). This latter effect suggests that children and older adults might
show differences in how they weight sensory signals relative to young
adults. An open question is to what extent these differences are attrib-
utable to relative temporal precision across vision and audition and how
this may change across the lifespan.

5. Individual differences and clinical groups

As discussed, the SIFI provides insight into the efficiency of multi-
sensory integration processes through gauging optimal integration as
well as the width of the TBW. Following this, many studies have
implemented the SIFI to characterise individual differences in multi-
sensory integration and perceptual differences in neurotypical and
clinical subgroups. The broad range of clinical fields in which the SIFI
has been applied illustrates its versatility as a promising research tool to
gain insight regarding the capacity for sensory integration.

Prior to a more detailed discussion, it is worth noting that several
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Fig. 4. Studies using Stimulus-Onset Asyn-
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clinical areas show inconsistent SIFI effects across studies. These areas
include Autism Spectrum Disorder (ASD), schizophrenia and migraine.
Studies of syneasthesia, although non-clinical, are also associated with
inconsistent findings. There are several possible reasons for this, with
some more obvious suggestions. First, these conditions are often asso-
ciated with heterogeneous symptom profiles or phenotypes, which likely
have corresponding heterogeneities in terms of SIFI perception. Second,
different methodologies have been used with potential effects on
perceptual learning and updating of priors. Third, differences in uni-
sensory ability are often not consistently controlled for across partici-
pants. These aspects represent important considerations and
opportunities for future work.

5.1. Visual and hearing ability

In line with probabilistic inference models of multisensory integra-
tion in which sensory signals are weighted by their reliability (Ernst and
Biilthoff, 2004; Kording et al., 2007; Shams et al., 2005b; Wozny et al.,
2008), visual and hearing impairments have been shown to result in
stronger and weaker SIFI susceptibility, respectively, as occurs, for
example in age-related sensory changes (Hirst et al., 2019b; Hirst et al.,
2020).

Studies with young adults have yielded differing effects of sensory
impairment on SIFI depending on the nature of the condition. For
example, Narinesingh et al. (2017) found that individuals with ambly-
opia remained susceptible to the fission illusion at long SOAs (but had
fewer fusion illusions compared with controls when viewing with the
amblyobic eye). However, it is unknown whether this finding resulted

from sensory ability at the time of testing or atypical visual experience
during critical developmental periods which subsequently shapes
multisensory integration in later life (Chen et al., 2017b).

In contrast to the effects observed in amblyopic patients, Moro and
Steeves (2018) found that individuals who lost an eye in early life
(monocular enucleation) were not susceptible to fission illusions,
despite having normal TBWs. Furthermore, they found no evidence for a
correlation between TBW width and SIFI susceptibility in these in-
dividuals, in contrast to findings from a neurotypical population based
on similar stimuli and task (Stevenson et al., 2012). Although audition
might be expected to have greater influence over vision in cases of
monocular enucleation, atypical patterns of multisensory perception
have been reported within this group, including no visual dominance
when tested with the Colavita task (Moro and Steeves, 2013, 2012) and
altered white matter structure in the visual cortex (Wong et al., 2018).
Instead, Moro and Steeves (2012, 2013) suggest equal visual and audi-
tory weighting in general in individuals with one eye, which might
render this group less susceptible to the SIFI.

With regards to auditory abilities, Gieseler et al. (2018) found that
hearing aid users showed wider TBWs and increased SIFI susceptibility
compared with age-matched controls (with the same degree of hearing
loss). Importantly, the intensity of the auditory stimulus was adjusted
based on individual subjective audibility rating, thus, between-group
differences were not due to differences in overt stimulus detectability.
These findings are consistent with previous studies reporting similar
effects of self-reported hearing in ageing (Hirst et al., 2019b; although
see Hirst et al., 2020) as well as increased functional connectivity be-
tween visual and auditory cortices in age-related hearing loss
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(Puschmann and Thiel, 2017).
5.2. Cognitive function

Strong evidence has emerged to support the idea that multisensory
integration is associated with cognitive function (see Wallace et al.
(2020) for review). As discussed in relation to ageing, prolonged sus-
ceptibility to the SIFI over long SOAs is associated with poor general
cognitive performance (Montreal Cognitive Assessment scores)
(Hernandez et al., 2019), and specifically, executive function and
memory (Hirst et al., in prep). Several other lines of evidence support
SIFI as a marker of cognitive function in ageing and clinical subgroups.
For example older adults with mild cognitive impairment (MCI) remain
susceptible to the SIFI at longer SOAs (Chan et al., 2015), increasing
cognitive load in young adults increases SIFI susceptibility (Michail and
Keil, 2018) and SIFI susceptibility correlates with cognitive impairment
and memory capacity in patients with Multiple Sclerosis (Yalachkov
et al., 2019).

Other factors influencing cognitive function across the life-course,
particularly exercise, have also been linked to individual differences in
SIFI susceptibility. For example, O’Brien et al. (2017) found that one
bout of open skill (i.e. tennis or dancing) but not closed-skill (i.e.
swimming) exercise in adults improved the detection of two veridical
compared with two illusory flashes. Similar findings were reported in a
follow-up study, where exercise benefited multisensory perception and
working memory (digit span) in children (O’Brien et al., 2020). How-
ever, evidence for a direct link between working memory and SIFI was
not reported in this developmental population. It is possible that their
findings reflect an impact of short-term arousal on visual temporal
perception (e.g. Lambourne et al., 2010), independently of multisensory
function. Nevertheless, evidence from younger (Michail and Keil, 2018)
and older adults (Hirst et al., in prep) does support a relationship be-
tween working memory and SIFI perception.

5.3. Fall-prone older adults

Balance and postural control are, inherently, multisensory functions
(Bronstein, 2016) relying on both vision and hearing as well as other
sensory systems such as proprioception and vestibular processing
(Campos et al., 2018; Gerson et al., 1989). As such, impaired multi-
sensory integration may predispose older adults to a risk of falling
(Zhang et al., 2020). Consistent with this, fall-prone older adults remain
susceptible to the SIFI illusion at longer SOAs compared with
age-matched non-fallers (Setti et al., 2011) (Fig. 4b), particularly when
tested in a standing position (Stapleton et al., 2014). Interestingly, older
adults who are slower walkers are also more susceptible to SIFI at longer
SOAs compared with faster walkers (Settiet al., in prep.), and gait speed
is a known risk-factor for falls (Kyrdalen et al., 2019; Prince et al., 1997;
Tay et al., 2015). These findings suggest that the SIFI could help assess
fall risk as well as the effectiveness of interventions such as chiropractic
care (Holt et al., 2016) and balance training (Merriman et al., 2015)
which have both been shown to shape SIFI susceptibility. An open
question is what mechanism mediates between SIFI susceptibility and
postural control: it is possible that both tasks require coordination of
multiple sensory systems (e.g. sensory reweighting) in the temporal
domain although other processes, such as temporal precision, may also
play a role.

5.4. Autism Spectrum Disorder

Atypical sensory processing is recognised as a core characteristic of
ASD (for review see Marco et al., 2011). However, findings regarding
SIFI susceptibility in ASD have been mixed. Children with ASD have
been shown to be more (Foss-Feig et al., 2010) and less (Stevenson et al.,
2014) susceptible to the SIFI compared with age- and IQ-matched peers.
Susceptibility in adults with ASD appears similar to that of age-matched
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controls (Keane et al., 2010; van Der Smagt et al., 2007), whereas in the
general population, subclinical traits of ASD, specifically in the domains
of social skill, communication and imagination, have been associated
with weaker SIFI susceptibility (Kawakami et al., 2018).

ASD has been associated with a broad spectrum of clinical profiles
and it is possible that mixed reports of SIFI effects might reflect this.
Alternatively, the mixed results may reflect individual differences in
unisensory function. Although Foss-Feig et al. (2010) did not find sig-
nificant group differences in the ability to detect two flashes, partici-
pants accuracy for detecting the number of beeps was not assessed.
Therefore, it is not possible to tell if there was similar auditory accuracy
in the ASD groups across studies.

An alternative explanation for the discrepant results across studies
involving children with ASD may be differences in methodology, in
particular the number of SOAs used. By manipulating SOA, Foss-Feig
et al. (2010) found that children with ASD had wider TBWs. Conversely,
Stevenson et al. (2014) did not manipulate SOA, but found that children
with ASD were less likely to perceive the SIFI. One possibility is that
children with ASD may not update their perceptual priors following
exposure to a range of SOAs (see Chan et al., 2018), thereby leading to
relatively stronger SIFI susceptibility specifically at longer SOAs. Indeed,
according to predictive coding models of multisensory integration in
ASD (Chan et al., 2016), and the High, Inflexible Precision of Prediction
Errors Account (HIPPEA) (Van de Cruys et al., 2014), individuals with
ASD give more weighting to prediction errors and become less reliant
upon priors. As such, individuals with ASD might be less likely to show a
benefit from experience on SIFI susceptibility.

Similar SIFI perception has been reported between adults diagnosed
with ASD and controls (Keane et al., 2010; van Der Smagt et al., 2007),
although this may be specific to fission than fusion effects (Bao et al.,
2017). It has been suggested that individuals diagnosed with ASD un-
dergo a developmental delay in sensory processing, with multisensory
abilities reaching age-normal levels by mid-twenties (Crosse et al.,
2019). Findings from studies using the SIFI therefore support this
conclusion. However, to our knowledge, SIFI susceptibility in children
and adults with ASD have yet to be compared within the same study.

5.5. Schizophrenia

Altered multisensory integration is a commonly reported character-
istic of schizophrenia (Postmes et al., 2014). However, as with other
conditions that present heterogeneous phenotypes, the data regarding
SIFI susceptibility in schizophrenia remains mixed, with reports of
reduced (Vanes et al., 2016), similar (Balz et al., 2016b) and stronger
(Ferri et al., 2018; HaB et al., 2017) susceptibility. In particular, the
tendency to bind information appears negatively associated with pro-
dromal traits (Odegaard and Shams, 2017). This does not appear related
to unisensory visual function, particularly visual gap detection, which
did not differ across groups (Vanes et al., 2016). However, it remains
possible that differences in auditory gap detection might exist and, as
such we cannot conclude that mixed results cannot be attributed to such
differences.

Similar to studies of ASD, methodological differences relating to the
manipulation of SOAs also exist in the literature investigating schizo-
phrenia. Studies manipulating SOA have found stronger SIFI suscepti-
bility at long SOAs in individuals with schizophrenia (Hal et al., 2017)
or high schizotypal traits (Ferri et al., 2018) (see Fig. 4), whilst studies
that have not manipulated SOA report no group differences in behaviour
(Balz et al., 2016b). As we argued in the previous section on ASD
(Section 5.4), differences in the updating of perceptual priors based on
experience could explain some of the discrepancies observed across
studies. Indeed, beta-band activity, a phenomenon associated with the
use of priors (see Section 2.3), has been shown to differ between in-
dividuals with schizophrenia and controls on trials that did or did not
induce the SIFI (Balz et al., 2016b), despite no evidence for group dif-
ferences in illusion susceptibility. Although a discussion of the ability to
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implement and adjust priors in schizophrenia is beyond the scope of this
review (but see Sterzer et al., 2018), recent evidence suggests that in-
dividuals with schizophrenia are able, albeit slower, to acquire priors
compared with controls (Valton et al., 2018). A direction for future
research is therefore to assess whether wider TBWs in schizophrenia,
measured via the SIFI, reflect inefficient integration, or impaired
updating of priors.

Given that GABA levels in the STS positively correlate with SIFI
perception in healthy individuals (Balz et al., 2016a), and considering
that GABA mediates multisensory perception in rodent models of
schizophrenia (Cloke et al., 2016), it is reasonable to assume that
aberrant GABAergic function mediates group differences in the SIFL
However, Balz (2018, Chapter 5) reported that GABA concentration in
the STS did not predict illusion perception in patients with schizo-
phrenia although, curiously, such a correlation was observed in a control
sample (Balz et al., 2016a). These findings suggest that factors other
than GABA concentration, such as differences in the use of priors, may
explain these group effects.

5.6. Synaesthesia

Synaesthesia is a neurological condition characterised by sensory
experience in one or more modalities elicited by a veridical stimulus
presented to another sensory modality or sub-modality (Baron-Cohen
et al., 1996; Newell and Mitchell, 2016; Simner et al., 2006). Studies
investigating multisensory function in synaesthesia often use measures
of SIFI susceptibility but to mixed results, with reports of enhanced
(Brang et al., 2012), reduced (Neufeld et al., 2012) or normal (Whit-
tingham et al., 2014) SIFI perception. Again, however, differences in
methodologies across studies as well as the heterogeneity of the condi-
tion make direct comparisons difficult. For example, Brang, Williams,
and Ramachandran (2012) studied individuals with grapheme-colour
synesthesia using a single SOA, whereas Whittingham, McDonald, and
Clifford (2014) and Neufeld et al. (2012) both tested a wide array of
SOAs. In synaesthesia, it is likely that differing SIFI effects may reflect
differing neurocognitive profiles involving unique subsets of sensory
modalities and their interactions, as well as differences in sensitivity to
the presentation of sensory stimuli.

5.7. Migraine and headaches

Migraine is a common neurological disorder characterised by a
unilateral, pulsating headache with moderate to severe pain. Migraines
are accompanied by changes in sensory processing, including height-
ened sensitivity to light (photophobia) and sound (phonophobia), and
altered multisensory processing (for reviews see, O'Hare, 2017, and
Schwedt, 2013).

Several studies have investigated the association between migraine
and multisensory perception using the SIFI. Adults with migraine
(Brighina et al., 2015, 2014) and cluster headaches (Cosentino et al.,
2015) appear less susceptible to the SIFI although susceptibility in
children with migraine does not differ from their age-matched peers (Di
Marco et al., 2015). Lower susceptibility in adults suffering migraine is
an unexpected finding given that migraine is associated with a wider
TBW (Yang et al., 2014). Weaker SIFI perception in migraine has been
attributed to visual cortex hyperexcitability (Cosentino et al., 2015)
resulting in vision being less susceptible to the influence of audition. In
accordance, menstrual migraine does not show the same
cycle-dependant pattern of SIFI susceptibility as controls for whom
susceptibility fluctuated with the phase of the menstrual cycle (proges-
terone is thought to reduce cortical excitability by binding to GABA
receptors) (Maccora et al., 2015). Despite the idea that cortical excit-
ability may link migraine and SIFI, occipital cathodal stimulation has
been reported to have no effect on SIFI perception in this group (Mac-
cora et al., 2019 although see Brighina et al., 2014). Although findings
are currently mixed, studies examining migraine have started to provide
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interesting insights into the role that cortical excitability might play in
SIFI perception.

6. The SIFI paradigm: stimulus parameters and guidance for
future research

If the SIFI is to be implemented as a clinical tool and recommended
for use in large-scale data collection it is essential to understand the role
of stimulus parameters on the SIFI in order to select an optimal protocol
and strive for harmonisation across research.

Much has been learned about the SIFI and its potential neural
mechanisms through the manipulation of the audiovisual stimuli used to
generate the illusion. To facilitate future research, we have compiled a
Supplementary table? detailing the most commonly reported stimulus
parameters used to elicit the SIFI and open-source examples of the SIFI
task have recently been provided (Keil, 2020). Across studies, the most
commonly used parameters include a 2° white disk presented 5° below
fixation for 10 ms, accompanied by two 80 dB, 3500 Hz tones presented
for 10 ms each. The first tone is usually presented at the same time as the
visual stimulus, or ~23 ms prior to the visual stimulus (Shams et al.,
2002). As shown in Fig. 4 the SOA between the first and the second tone
systematically alters the strength of the illusion, therefore the selection
of these parameters has important consequences for performance. It has
recently been shown that performing the SIFI task with a confederate
present can enhance the illusion (Wahn et al., 2020): the confederate
was asked to judge the number of beeps, whilst the participant judged
the number of flashes. The authors attribute enhanced illusion suscep-
tibility to the presence of a visual distractor (another person). Re-
searchers might therefore want to consider if the experimenter or other
individuals are in view at the time of SIFI assessment.

Shams et al. (2000) reported that the SIFI was robust to changes in
stimulus features, including changes in contrast, shape, texture, stimulus
duration, and spatial disparity between the auditory and visual stimuli.
As such, although most studies have presented a peripheral, high
contrast disk, the SIFI has been observed with a range of stimuli,
including Gaussian blobs (Apthorp et al., 2013), checkerboards (Arden
et al., 2003) annuli surrounding the point of fixation (McGovern et al.,
2014; Stevenson et al., 2012), and phosphenes induced by TMS
(Bolognini et al., 2013).

The SIFI has also been found, albeit with a reduced potency, using
complex stimuli such as block patterns (Takeshima and Gyoba, 2013),
familiar faces and buildings (Setti and Chan, 2011). Relatively less focus
has been given to the effect of auditory stimulus complexity in the SIFI,
therefore a consensus on this parameter has yet to be reached. For
example, presenting two beeps at different frequencies has been shown
to both enhance (Wilkie et al., 2008) and abolish (Roseboom et al.,
2013) the illusion. Nevertheless, the current findings indicate that, in
most cases, the SIFI persists despite changes in stimulus complexity and
is therefore not bound to the simple flash and beep stimuli most
commonly reported in the literature.

The SIFI appears robust to spatial discrepancy between visual and
auditory stimuli. SIFI effects have been observed with cross-modal
separations as large as 20° (Innes-Brown and Crewther, 2009) and 50°
(Deloss and Andersen, 2015). Based on research on the multisensory
properties of neurones within the SC of the cat (Meredith and Stein,
1996), spatial coincidence has been discussed as a rule, or principle, of
multisensory integration (Stein et al., 1989). However, receptive fields
of the SC are relatively large and overlapping (Kadunce et al., 2001) and
several behavioural studies have reported that bimodal stimuli do not
need to be presented in identical locations to elicit integration (Spence,
2013, 2019). Thus, the SIFI may not be constrained by precise

2 This table is available at https://osf.io/w46zy/. We encourage researchers
implementing the SIFI to continue to contribute to this table so that we may
continue to accurately document SIFI research.
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coincidence in the spatial domain. One study did find that presenting
beeps to the same versus opposite hemifield as the visual stimuli pro-
duced stronger susceptibility to the SIFI (Bizley et al., 2012). However,
in that study, the stimuli presented to each hemifield also differed in
colour and timbre, potentially limiting perceptual grouping of uni-
sensory signals and encouraging crossmodal competition (Kumpik et al.,
2014).

6.1. Detectability of the auditory and visual stimulus

Despite the robustness of the SIFI, stimulus detectability can influ-
ence the probability that a participant will experience the effect.
Although this has implications for participants with a sensory impair-
ment (Section 5.1), it is equally important to understand the effects of
specific stimulus parameters in healthy participants. It is known that
reducing the intensity of the auditory stimulus weakens SIFI suscepti-
bility (Andersen et al., 2004; Cuppini et al., 2014) and the effect appears
strongest when small, peripheral, visual stimuli are used. Shams et al.
(2001) found that, on average, participants reported illusory effects on
81 % of trials when stimuli were presented in the periphery versus 21 %
if visual stimuli were presented centrally. This peripheral versus foveal
difference might be due to the lower reliability of the visual stimulus
with increasing eccentricity and/or possibly more extensive projections
from auditory cortex and multisensory cortical areas (such as STS) in the
peripheral representations compared to foveal representations of the
visual context (Clavagnier et al., 2004; Falchier et al., 2002). Further-
more, it is possible that the stimuli presented in the SIFI are processed at
early stages of visual processing by the magnocellular pathway
(Pérez-Bellido et al., 2015), which is sensitive to transient stimuli
(Maunsell et al., 1999) and more strongly represented in the periphery
(Malpeli et al., 1996).

Increasing luminance contrast has been reported to enhance SIFI
susceptibility (Pérez-Bellido et al., 2015). Pérez-Bellido et al. suggest
that, because illusory flash perception arises from early visual cortex,
the low-level stimulus properties that modulate perception of the actual
flash also modulate perception of the illusion (i.e. if the actual flash is
more intense, the illusory flash will also be more intense). In line with
this, when the actual flash is white, the illusory flash also appears white
(McCormick and Mamassian, 2008). However, another possibile reason
for the effects reported by Pérez-Bellido et al. is that differences could be
due to the physical and practical limitations of presenting stimuli
onscreen. Specifically, because increasing luminance also increases the
decay period of the phosphor, it is possible that the SOA between the
flash and the second beep, and also between two flashes in the two-flash
condition, is reduced. Consequently, it is possible that presenting stimuli
with higher luminance increases the difficulty of the task (through
reducing SOA) and increases SIFI effects. It is possible that some of these
questions may be addressed by comparing SIFI effects when stimuli are
presented onscreen versus via an LED.

6.2. Stimulus-onset asynchrony (SOA)

In line with the temporal nature of the SIFI, arguably the most critical
parameter known to modulate the SIFI is the SOA between the first flash-
beep pair and the second beep. Shams et al. (2000, 2002) found that
SOAs over 70 ms reduced the illusion with virtually no illusions at longer
SOAs such as 200 ms. This reduced susceptibility to the SIFI with SOAs
over 70 ms in young adults is consistent with the reported temporal
binding properties of polysensory neurones at least in the SC (Meredith
et al., 1987; Wallace and Stein, 1994). Indeed, temporal co-incidence
has been proposed as a principle of multisensory integration (Stein
and Meredith, 1993). As such, the time window of SIFI susceptibility has
become a popular tool to map healthy and clinically relevant changes in
multisensory function. A summary of findings from studies manipu-
lating SOA in the SIFI is shown in Fig. 4. In line with our discussion of the
use of SIFI in clinical contexts and the effect of Bayesian priors on
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perception (Sections 5.4 and 5.5), a careful consideration of the number
and range of SOAs is merited when assessing the temporal limits of
multisensory perception using the SIFIL.

6.3. Adapting stimuli to individual sensory function

Based on evidence that stimulus intensity and sensory ability sys-
tematically alter SIFI susceptibility, future research may wish to
consider adjusting stimulus properties for each participant according to
their sensory abilities (where possible within the practical restrictions of
the design). For example, previous approaches in multisensory research
include presenting stimuli a set level above auditory and visual
threshold (Hirst et al., 2019a), or a set level above subjective audibility
rating (Gieseler et al., 2018). The same considerations should be made
for selecting the SOA, by taking into account an individual’s ability to
discriminate two unimodal stimuli at any particular SOA. For example, if
two beeps cannot be discriminated, then a “two flash” response would
be unlikely on illusory trials. This is particularly relevant to clinical work
and studies examining lifespan effects, in which different groups of
participants may exhibit different unisensory temporal resolutions,
perhaps accounting for the dip in illusion susceptibility at short SOAs in
older adults, (Fig. 4b). In these cases, the timing of sequential stimuli
should be selected to avoid confounding effects. For example, Adams
(2016) used stimuli with a gap of ~117 ms in adults, whilst a gap of
~200ms was required in young children to achieve equivalent
perceptual performance. Following a selection of appropriate SOAs, the
inclusion of unisensory trials will also allow the experimenter to identify
baseline sensory ability and control for such differences in the analyses.

7. Discussion

In this review, we synthesise twenty years worth of research based on
the Sound-Induced Flash Ilusion (SIFI). In this time, remarkable prog-
ress has been made in understanding the mechanisms that give rise to
the SIFI, which in turn has informed our understanding of how the
human brain combines information across the senses (Keil, 2020). In
recent years this acquired knowledge from the SIFI has been used to
good effect to assess the integrity of sensory processing in a variety of
clinical populations. More generally, the ability to integrate information
across the senses has recently emerged as a potential tool for under-
standing healthy and pathological cognitive function (Wallace et al.,
2020). It is therefore more crucial than ever to synthesise what we know
about existing measures of multisensory function so that, in the next few
years, multisensory integration might be considered a complimentary
clinical tool to accompany unisensory measures. A critical step towards
this is to establish optimal and standardized stimulus parameters,
identify relevant neurological mechanisms and understand what is
known with regards to healthy and clinically relevant differences in task
performance.

We began by highlighting the importance of the SIFI in propelling a
paradigm shift towards a more general account of multisensory pro-
cessing. We then reviewed the neural correlates of SIFI perception.
Convergent findings show that the neural origin of the SIFI most likely
lies in early visual processing, in which inputs from other sensory mo-
dalities (i.e. audition) directly modulate activity in V1 or earlier.
Furthermore, the behavioural effects might be governed through direct
connectivity between sensory cortices (Eckert et al., 2008; Falchier
et al., 2002; Rockland and Ojima, 2003), in particular structural pro-
jections connecting auditory cortex with regions of visual cortex serving
peripheral vision (Eckert et al., 2008). An important issue for future
research to address is to systematically alter the eccentricity of the visual
stimulus, to determine whether the SIFI is optimal when presented to
those regions of the visual field that specifically receive direct pro-
jections from auditory cortex.

A recurrent theme across studies is that the fusion illusion (reporting
one flash when two flashes are presented with one beep) has been far
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less studied in comparison with fission effects (reporting two flashes
when one flash is presented with two beeps). One possible reason for this
is that fission effects can be considered, intuitively, more exciting,
because they create the perception of a second visual stimulus that did
not physically occur. A second possible reason is that fusion effects are
less reliable compared with fission effects. As such, many studies do not
investigate fusion illusions and, subsequently, much less is known about
their origin.

Of the studies that have investigated fission and fusion, several
converging patterns have emerged (Table 1). The observed differences
in fission and fusion to date imply that the SIFI may provide multiple
outcome measures of multisensory processing. However, it must be
considered that fission and fusion effects could be differentially influ-
enced by similar parameters. For example, the reliability of the repre-
sentation of one flash and two flashes might differ, and this difference
may vary across age, populations, and stimulus conditions. The prior
expectation of numerosity can also vary across individuals and pop-
ulations, and thus influence the relationship between fission and fusion
differently. An individual with a prior bias for a larger numerosity would
exhibit a stronger fission illusion and a weaker fusion illusion. There-
fore, fission and fusion effects might reflect the same mechanisms that
are differentially affected by individual differences in temporal preci-
sion and/or prior expectation.

For future research designed to understand the differences between
fission and fusion effects, it would be wise to implement experimental
designs allowing measurement of both fission and fusion (including all
combinations of 0-2 flashes and 0-2 beeps). This would allow mea-
surement of a) unisensory noise in each modality b) prior bias for
numerosity and c¢) prior bias for binding and, with sufficient trials,
enable conceptualisation of SIFI perception within a Bayesian frame-
work. That said, due to practical reasons, many researchers may select
conditions known to produce the most reliable effects and that can be
studied with either fewer participants or fewer trials.

Several findings suggest that the SIFI may tap into a domain-general
mechanism utilised across sensory systems, in addition to audition and
vision. For instance, a collection of studies show SIFI is associated with
postural control and fall-risk (Section 5.3). Furthermore, the SIFI has
been extended to other modalities. In the “tap induced flash illusion”
(TIFI) pairing a single flash with two concurrent tactile taps results in the
perception of two flashes (Violentyev et al., 2005; Wozny et al., 2008).
This has been linked with similar processes to the SIFI in terms of

Table 1
Summary of research indicating differences between fission and fusion effects
observed in the SIFI. ASD = Autism Spectrum Disorder.

Field Study Finding
Behavioural Chen et al. (2017b) Fission effects larger in the periphery than
the centre. Fusion effects larger with
central versus peripheral presentation.
Chatterjee et al. Visually induced flash illusion results in
(2011) fission but not fusion effects.
Wang et al. (2019) Cognitive expectation modulates fission
but not fusion effects
Development Innes-Brown et al. Fission but not fusion significantly stronger
(2011) in child group (aged 8-17 years).
McGovern et al.
. (2014) Fission but not fusion effects are stronger in
Ageing
Parker and older versus younger adults.
Robinson (2018)
. Narinesingh et al. Patients were more susceptible to fission
Amblyopia . .
(2017) and less susceptible to fusion.
Adults with ASD show similar fission but
ASD Bao et al. (2017) more fusion responses compared with

controls.

Bolognini et al. Fusion stronger in patients with unilateral

Brain damage

(2016) neglect compared with controls.
Brain Bolognini et al. Occipital stimulation interferes with fission
stimulation (2011) but not fusion.

769

Neuroscience and Biobehavioral Reviews 118 (2020) 759-774

sensory dominance for temporal processing (Bresciani et al., 2006;
Philippi et al., 2008) as well as neural mechanisms (Lange et al., 2011;
van Erp et al., 2014). The SIFI also has a less researched, unimodal,
visual counterpart; the Visually Induced Flash Illusion (VIFI), in which
presenting a single flash in one location with two consecutive flashes in a
separate location results in the perception of the single flash occurring
twice (Apthorp et al., 2013; Chatterjee et al., 2011; Leonards and Singer,
1997). It has also been shown that similar Bayesian models can account
for both SIFI and VIFI effects, however the tendency to integrate is
higher in the SIFI (Beierholm, 2007). Together, these findings show
promising support for the idea that the SIFI provides an insight into
general multisensory function, rather than audiovisual integration
specifically.

If the SIFI can be used to gauge clinically relevant differences in
sensory integration, a core question is whether these mechanisms can be
trained. Findings suggest that SIFI susceptibility can be shaped through
training in psychophysical tasks (Setti et al., 2014), exercise (Masaki
et al., 2001; O’Brien et al., 2020, 2017), balance control (Merriman
et al., 2015), musical training (Bidelman, 2016) and perhaps even the
urbanity of the lived environment (Hirst et al., under review,). This
poses the possibility that the SIFI could be used as a simple outcome
measure for improving the efficiency of multisensory integration.
However, given that the participants in these studies were predomi-
nantly older adults, and that findings from young adults suggest no
change in SIFI susceptibility from training (Powers et al., 2016; Rosen-
thal et al., 2009), more research is required before prescribing the SIFI as
a modifiable outcome measure for multisensory integration. Remaining
questions in the field of training include identifying whether discrepant
findings in training-related psychophysical tasks result from differing
tasks (simultaneity judgements versus TOJ), differing populations
(younger versus older adults respectively), or individual differences in
the baseline width of the TBW and/or training susceptibility. An
essential question is also whether training benefits are retained at longer
follow-up intervals.

The nature of the causal link between SIFI perception, cognitive
function and clinical conditions and its direction is currently unknown.
It is possible that healthy cognition promotes more efficient SIFI
perception, alternatively multisensory integration might facilitate
healthy cognition e.g. by enhancing learning and memory (Shams and
Seitz, 2008). It is also possible that a bidirectional relationship exists.
Given that hearing and vision are known predictors of cognitive function
in later life (Chen et al., 2017a; Loughrey et al., 2018) it is important to
understand the directionality of these effects as this will help determine
whether interventions should target multisensory integration itself to
promote healthy cognition across the life-course. This goal will be
achieved in the near future through large-scale longitudinal studies such
as TILDA.

To promote harmonisation across studies, here we discussed the in-
fluence of stimulus parameters and propose directions for future
research using the SIFI. Illusory fission effects are most prominent when
visual stimuli are presented in the periphery and within 100 ms of one
another. Based on the reviewed literature showing stimulus intensity
and sensory ability systematically alter SIFI susceptibility, we recom-
mend that, where possible, future research methods attempt to control
for stimulus intensity and timing based on individual sensory ability.
Furthermore, because SIFI susceptibility is influenced by the ability to
perceive two sequential stimuli in vision and audition (Shams et al.,
2005b), studies should include conditions where accuracy for judging
two unisensory stimuli can be measured. Interestingly, the SIFI does not
appear to be modulated by spatial proximity - perhaps due to the tem-
poral nature of the task or because the illusion is not constrained to the
multisensory properties of neurones in the SC (Stein and Stanford,
2008). It is likely that spatial congruence does enhance the illusion,
however, to a lower degree than congruence/similarity in time and
content (flash and beep), hence requiring a large experimental power to
be detected. In any case, the robustness of the illusion to spatial disparity
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means that the precise localisation of auditory and visual stimuli is not
critical for inducing the SIFL

Although the SIFI clearly has potential as a research tool, further
research is required before it can be considered as a standard clinical
measure. For instance, it is not yet known exactly how many illusory
trials are required to obtain a robust effect. However, promisingly, the
SIFI protocol included in the aforementioned TILDA project has only two
trials per condition, and findings have shown the measured effects are
influenced by factors that would be predicted based on more standard
experimental findings (Hirst et al., 2019b). This has important impli-
cations for assessing multisensory function in groups where prolonged
testing may not be possible. A second question is how many SOAs are
optimal for measuring the TBW. Manipulating the range of SOAs tested
in the SIFI has helped elucidate differences between several clinical
subgroups (Fig. 4). However, since implementing multiple SOAs could
also influence the ability to update perceptual priors through experience
researchers should take this into account, particularly when making
clinical comparisons. Thus, future research should disentangle these
effects to enable a concise interpretation of the SIFI in clinical and
non-clinical contexts.

8. Conclusions

In the past 20 years the SIFI has been used by over 100 studies,
indicating its popularity and usefulness as a research tool. The results
from these studies suggest several conclusions. First, the SIFI reflects
optimal integration, best modelled within a Bayesian causal inference
framework. Second, fission effects in the SIFI arise from early in-
teractions between primary sensory cortices. Third, the SIFI might
measure domain-general sensory integration and thus provide a useful
tool to assess clinical differences in perception, postural control and
cognitive function. The next steps to be taken in research using the SIFI
are to identify the directionality of the relationship between the SIFI and
cognition, understand the mixed results from clinical studies and un-
derstand the factors modulating fission and fusion effects in the SIFI.
Thus, while the first 20 years of research into the SIFI have helped us to
elucidate the nature and mechanisms of healthy and pathological
multisensory perception, the next 20 years are likely to be just as, if not
more, insightful.
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