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To integrate auditory and visual signals into a unified percept, the paired stimuli must co-occur within a limited
time window known as the Temporal Binding Window (TBW). The width of the TBW, a proxy of audiovisual
temporal integration ability, has been found to be correlated with higher-order cognitive and social functions. A
comprehensive review of studies investigating audiovisual TBW reveals several findings: (1) a wide range of top-
down processes and bottom-up features can modulate the width of the TBW, facilitating adaptation to the
changing and multisensory external environment; (2) a large-scale brain network works in coordination to ensure
successful detection of audiovisual (a)synchrony; (3) developmentally, audiovisual TBW follows a U-shaped
pattern across the lifespan, with a protracted developmental course into late adolescence and rebounding in size
again in late life; (4) an enlarged TBW is characteristic of a number of neurodevelopmental disorders; and (5) the
TBW is highly flexible via perceptual and musical training. Interventions targeting the TBW may be able to

improve multisensory function and ameliorate social communicative symptoms in clinical populations.

We live in a world where a multitude of information is coded in
different sensory modalities. One challenge of our brain is to appropri-
ately integrate multisensory inputs from a noisy background to form
coherent perceptual representations. Low-level physical stimulus char-
acteristics including location, time and intensity are crucial de-
terminants of the possibility and strength of multisensory integration
(Meredith and Stein, 1986a, 1986b; Meredith et al., 1987). For example,
a pair of audiovisual stimuli is likely to be integrated only if they are
presented close in time and fall within a limited time window known as
the Temporal Binding Window (TBW) (Dixon and Spitz, 1980). This
audiovisual temporal integration is indexed by faster and more accurate
detection at the behavioural level and non-linear and super-additive
neural responses at the neural level (Calvert et al., 2004). Given the
difference in the speed of sound and light and the time for neural
transmission between the two senses, some tolerance of audiovisual
asynchrony has great adaptive value for constructing a unified percep-
tual world. At the same time, to avoid confusing and improperly filtered
representations, it is also important to appropriately segregate auditory
and visual information from separate events/objects (Wallace and Ste-
venson, 2014).

Audiovisual temporal integration is a rudimentary process and can

scaffold cognitive, language and social development. Infants utilize
temporal relationships between sound and visual features to learn cross-
modal object-sound associations (Bahrick, 1988), detect tempo or
rhythm changes (Bahrick and Lickliter, 2000; Bahrick et al., 2002) and
discriminate different prosody (Bahrick et al., 2019) and emotions (Flom
and Bahrick, 2007). Integrating auditory and visual signals can also
facilitate language acquisition (Gogate et al., 2001; Lewkowicz and
Hansen-Tift, 2012), person recognition (Robertson and Schweinberger,
2010) and emotion processing (Walker-Andrews, 1997). Failure to
correctly detect audiovisual (a)synchrony or identify temporal order is
manifested as an abnormally enlarged TBW, which leads to inappro-
priate combination of unrelated audiovisual stimuli that should other-
wise be separated (e.g., in autistic and dyslexic individuals and children
with language impairment, Francisco et al., 2017; Kaganovich, 2017;
Stevenson et al., 2016, 2014a). This inaccurate representation may
result in less audiovisual fusion (i.e., the McGurk effect) (Stevenson
et al.,, 2012b) and may undermine speech perception (Conrey and
Pisoni, 2006), making it difficult for individuals to interact with the
world around them (Baum et al., 2015). Since the integration of visual
speech signals (e.g., mouth movement, facial expressions and gestures)
and auditory speech sounds is important for effective social
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communication, it is not surprising that a widened audiovisual TBW has
been shown to be correlated with impaired verbal (Woynaroski et al.,
2013) and non-verbal (Noel et al., 2018a) communication skills.
Furthermore, a narrower TBW, reflecting higher accuracy in multisen-
sory integration, has been found to be associated with enhanced prob-
lem solving abilities, suggesting that sharpened multisensory temporal
sensitivity may mirror precision of abstract thinking and thus the ability
of complex reasoning (Zmigrod and Zmigrod, 2016).

This paper aimed to comprehensively review the concept of audio-
visual TBW. We first reviewed relevant experimental paradigms and
theoretical models investigating the TBW (Section 1). Next, the factors
affecting the width of the TBW (Section 2) and the neural mechanisms
underlying successful audiovisual temporal integration (Section 3) were
reviewed. We also conducted an activation likelihood estimation (ALE)
meta-analysis to examine the neural activities engaged by synchronous
versus asynchronous audiovisual processing. In Section 4, we reviewed
how audiovisual temporal integration changes across the lifespan. Given
its fundamental role in cognitive functions and social interactions,
manifestations of multisensory temporal abnormalities in various neu-
rodevelopmental and neurodegenerative disorders were then discussed
in Section 5. Finally, studies examining the flexibility of TBW, which
could have important implications in clinical populations with abnormal
audiovisual TBW, were reviewed in Section 6.

1. Literature search

A comprehensive search was conducted using the following search
terms in PubMed, Elsevier and PsycInfo databases: (“temporal binding”
OR “temporal window” OR “time window” OR “temporal acuity” OR
“temporal processing” OR “temporal integration” OR “temporal order”
OR “simultaneity” OR “*synchrony”) AND (“multisensory” OR “cross-
modal” OR “audiovisual” OR “sensory integration”). We only included
studies in English involving human subjects. The final search was
completed in November 26, 2019 for studies published in peer reviewed
journals or accessed online. In addition, the references cited by the re-
view articles on this topic were scrutinized to include other relevant
studies. A total of 15 review/meta-analysis papers were included and the
details of these studies can be found in the supplementary text.

There were two inclusion criteria for eligible studies. First, studies
had to focus on human ability of using temporal cues to integrate sen-
sory information. That is, studies should use some relevant paradigms
(which are summarized in section 1 and Table 1) to measure behavioural
or neural underpinnings of multisensory temporal integration. Secondly,
studies included must be concerned with both auditory and visual mo-
dalities. Studies measuring unisensory temporal acuity or investigating
integration of other senses (e.g., auditory-tactile, Kitagawa et al., 2005;
and visual-tactile, Chen et al., 2018) were not considered.

We identified 738 unique articles after removing duplicates. Titles
and abstracts were first screened to examine whether these studies met
inclusion criteria. Then, the remaining articles were further considered
for full-text review. The detailed procedure of study selection and the
reasons for study exclusion are illustrated in Fig. 1. A total of 302 papers
were included, which were further divided into seven sub-groups ac-
cording to their topics. The number of studies included in the “Rela-
tionship with other abilities” was very small (N = 4) and have already
been mentioned in the opening section (Conrey and Pisoni, 2006; Rob-
ertson and Schweinberger, 2010; 2012b; Zmigrod and Zmigrod, 2016).
Studies in other sub-topics of audiovisual temporal integration are dis-
cussed separately in the following sections.

2. Paradigms and models of audiovisual temporal integration
2.1. Paradigms to measure audiovisual temporal integration

To measure the width of the TBW, a variety of tasks could be used.
Table 1 shows all the relevant paradigms, including some specially
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designed for infants. These tasks could also be classified into explicit (e.
g., explicit judgement of simultaneity) and implicit (e.g., implicit fusion
of incongruent audiovisual speech stimuli, McGurk fusion) ones. It is
unclear whether these tasks capture the same process of multisensory
temporal integration. For instance, both the Simultaneity Judgement
(SJ) Task and Temporal Order Judgement (TOJ) Task are explicit par-
adigms, but different size of the TBWs may be obtained from these two
tasks (Stevenson and Wallace, 2013). It has been reported that the SJ
task should be preferred over the TOJ task when the primary goal is to
measure audiovisual synchrony perception (van Eijk et al., 2008). In
addition, they may measure slightly different cognitive processes
(Vatakis et al., 2008b; Vroomen and Keetels, 2010), with the TOJ task
requiring an extra stage of “order” processing apart from the (a)syn-
chrony perception (Love et al., 2013) and thus eliciting stronger activity
in several regions in the left hemisphere (Binder, 2015; Love et al.,
2018). Another example is that explicit synchrony judgement is not a
prerequisite for implicit fusion of audiovisual stimuli (Soto-Faraco and
Alsius, 2009; Zmigrod and Hommel, 2011), and they may involve
separate mechanisms that are not tightly correlated (Tsilionis and
Vatakis, 2016) or even negatively correlated (Freeman et al., 2013; Ipser
etal., 2018). However, all the tasks listed in Table 1 share a core concept
and reflect the ability to appropriately bind or separate audiovisual
stimuli based on temporal cues.

It should be noted that we did not include “target detection” para-
digms in this review. By comparing participants’ response times (RT)
between unimodal (visual and auditory) and bimodal targets and using a
“Race Model”, researchers can find a temporal window of multisensory
behavioural facilitation with faster RTs (Miller, 1986, 1982). This
speeding by bimodal cues is above and beyond what would be expected
by statistical summation of the unimodal RTs. In other words, the
temporal window calculated by the Race Model is due to benefit from
multisensory redundancy. Although both of them are called “Temporal
binding window”, the TBW defined by the Race Model, which is a time
span with RT benefits, is an entirely different concept from audiovisual
temporal precision/acuity. This review focuses on the latter.

2.2. Models of audiovisual temporal integration

Some researchers have put forward theoretical models to explain
how audiovisual synchrony perception is achieved despite the arrival-
time differences of two information streams, and tried to fit their
models to data from relevant TBW paradigms. Here, we make a brief
introduction to these models. Future studies may benefit from adopting
these models to obtain interpretable parameters and tap into the
cognitive and neural basis of audiovisual temporal processing.

The first class of models share a core framework in which signals
from two stimuli arrive at a central mechanism with randomly distrib-
uted arrival times; and based on the arrival-time difference, a judgement
of synchrony or temporal order is made by adopting some decision rules.
For example, the Time-Window-of-Integration (TWIN) Model, which
initially applies to RT tasks, has recently been extended to TOJ tasks
(Diederich and Colonius, 2015). Here, participants’ TOJ is determined
based on the first-stage unisensory (auditory and visual) processing
speed and the width of the TBW - a numerical parameter which could be
estimated. Whenever the detection times for a stimulus pair fall within
the TBW, participants bind them together and can only guess which
stimulus occurs first with a fixed response bias. Similarly, Garcia-Perez
and Alcala-Quintana (2012) also included parameters of sensory pro-
cessing (e.g., arrival time difference and sensory processing variability)
and response bias in their unified model for SJ and TOJ tasks. Moreover,
their model adds decisional parameters such as response errors due to
wrong motor response (Garcia-Perez and Alcala-Quintana, 2012). These
estimated parameters all have empirical meanings and can be used to
reflect certain underlying processes.

Such a framework has also been adopted to develop neural models.
The main idea of the multisensory correlation detector (MCD) model, for
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Table 1

Paradigms relating to audiovisual temporal binding window (AV TBW).
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Paradigms

Brief introductions

Indexes

Paradigms for infants and young children

Habituation and test
Example study
Lewkowicz (2010)

Preferential looking
Example study
Grossman et al. (2015)

Paradigms for older children, adolescents

and adults
@ Explicit Judgement tasks
Temporal Order Judgement (TOJ)
Example study
Hillock et al. (2011)
Simultaneity Judgement (SJ)
Example study
(Hillock-Dunn and Wallace, 2012)

@ Implicit fusion tasks

McGurk task with different audio-
visual SOAs
Example study
Woynaroski et al. (2013)

Sound Induced Flash Illusion (SiFi)
Example study
Foss-Feig et al. (2010)

Multisensory TOJ (temporal
ventriloquism: visual TOJ with
irrelevant auditory stimuli)
Example study
De Boer-Schellekens et al. (2014b)

Stream/Bounce Illusion
Example study
Donohue et al. (2015)

Pip and pop effect
No example study yet

Habituate infants to a synchronous audiovisual event and then test
for their detection of different levels of asynchrony. In the test
phase, if infants look longer at the asynchronous stimuli compared
to the initial synchronous pair, it indicates they successfully detect
the asynchrony.

Participants are presented with two identical visual videos at the
same time. Only one of them is in synchrony with the
corresponding audio track, but the other has a certain degree of
temporal offset. If infants show preference for the temporally-
congruent video, it suggests they successfully discriminate the
synchronous from the asynchronous one.

Participants are required to report the temporal order of auditory
and visual stimuli across a range of Stimulus Onset Asynchronies
(SOAs). (“Which came first?*)

Participants are required to report the simultaneity of auditory
and visual stimuli across a range of SOAs. (“Synchronous or not?*)
Alternatively, two audiovisual stimulus pairs (one synchronous
and the other asynchronous) can be presented on each trial and
participants are asked select the most synchronous (Yarrow et al.,
2016).

Participants are presented with auditory “ba” and visual “ga”
stimuli across a range of SOAs, and are required to report the
stimuli they perceive (“ba”, “ga”, or McGurk fusion “da”). For each
individual, mean rates of fusion across SOAs were normalized to
his or her maximum value of perceived fusion.

In illusory conditions, two beeps are presented with a single flash
(2B1F). One beep is always presented with an onset coincident
with the flash, and the other beep has a certain SOA with the flash.
In control conditions, one beep and one flash are presented at the
same time (IBIF). In all trials, participants are asked to report the
number of flashes perceived. Beeps presented in close temporal
proximity to the flash are more likely to produce illusory flashes (i.
e., report seeing two flashes).

Two visual stimuli are presented at variable SOAs, and
participants are required to make visual TOJ. The visual stimuli
are flanked by two auditory stimuli. The presence of irrelevant
auditory stimuli can improve participants’ performance on visual
TOJ task, as if they pull the flashes in temporally-opposite
directions. The first-sound-and-first-light and second-light-and-
second-sound SOAs are varied in order to measure the TBW.
Two visual objects (e.g., circle disks) move toward each other,
overlap, and then move away from each other. This pattern of
motion can be perceived either as two objects streaming through
each other or as two objects bouncing off each other. Participants
tend to report “streaming” without additional auditions. However,
when a sound is presented near the time of overlap, participants
are more likely to perceive the objects as bouncing off of each
other. This bouncing illusion is regarded as a result of audio-visual
integration. By manipulating the temporal offsets between the
auditory stimulus and intersection of the visual stimulus pair,
potential TBW can be calculated.

Participants are asked to search for a horizontal or a vertical target
bar among oblique distractor bars. Both the target and distractors
changed their color randomly in a pre-determined cycle. In the
tone present condition, a spatially uninformative sound which is
synchronized with color changes of the visual target could
substantially decrease the search time (i.e., in order of seconds).
This facilitation effect due to automatic audiovisual integration is
referred to as “pip-and-pop” effect (van der Burg et al., 2008).
Although no study to date has used this paradigm to measure the
width of audiovisual TBW, we could manipulate the tone-target
intervals to find a temporal window within which an auditory cue
could significantly enhance the search of a visual target compared
with the tone-absent condition.

The looking time of the asynchronous (‘new’) stimuli
Threshold for AV asynchrony detection measured at group level

The percentage of looking time of the synchronous video
Threshold for AV asynchrony detection measured at group level

Just Noticeable Difference (JND) measured at individual level

(1) TBW, within which participants are highly likely to report
simultaneity.

(2) Point of subjective simultaneity (PSS), the point at which
participants maximally fused the two stimuli.

Both indexes measured at individual level

TBW, the width of the stimulus

offset range at which participants are highly likely to fuse the
visual “ga” and auditory “ba” stimulus pair (e.g., McGurk fusion
on 75% or more of the trials)

TBW measured at individual level

TBW is defined as the temporal span within which participants
have significantly higher possibility of reporting an illusory flash
compared to the control condition (1B1F)

TBW measured at group level

TBW is defined as the audiovisual SOA span where participants’
visual TOJ performances (i.e., JND) are significantly better than
the performances without auditory stimuli (the visual-only
control condition).

TBW measured at group level

TBW is defined as the audiovisual SOA span where participants
have significantly higher possibility of reporting “bouncing”
illusion compared to the control condition (without additional
sound).

TBW measured at group level

TBW is defined as the temporal span within which a nonspatial
sound could significantly reduce the search time of a visual target
compared with the sound-absent condition.

TBW could be measured at individual level.

instance, is that multisensory neurons first receive inputs in separate
sensory channels and then detect correlation and lag between the two
stimuli to optimally integrate related inputs (Parise and Ernst, 2016).
Luu et al. (2008) has proposed a similar cross-correlational model where

a peripheral stage of parallel processing in separate sensory channels is
followed by a secondary stage of cross-correlation calculation. The
output of the cross-correlator is an array of values decoding activation
patterns to yield the best estimate of the lag between auditory and visual
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| Articles identified through database searching(N=1068)

Articles excluded for the following reasons
| (N=436):

* Not temporal processing (no
appropriate TBW paradigm) (N=210)
* Not multisensory processing (Only

| Articles remained after duplicate removal(N=738) | ”

unisensory processing)(N=91)
Not sensory processing (e.g.,focused on

other cognitive abilities like memory)
(N=33)
* Other sensory modalities other than
audiovisual domain (e.g., tactile) (N=63)
* Other models of TBW with different
conceptions and meanings (e.g., race

Articles included in the review (N=302)

model) (N=16)
e Only illustrate paradigms or propose

opinions/(animal) models (N=12)
* Comments/Posters/proposals with no
results/full paper inaccessible (N=11)

v

Methods Influential Neural Developmental
and models factors correlates trajectory
(N=28) (N=56) (N=50) (N=34)

Disorders Modifiability Relationship
(N=71) (N=59) with other
abilities (N=4)

Fig. 1. The flow chart of literature search.

streams.

The second class of models falls into the framework of the Bayesian
model. The Causal Inference model of audiovisual speech (Magnotti
et al., 2013) explains synchrony perception as an inference about the
causal relationship between auditory and visual speech signals. In other
words, participants utilize the temporal relationship between cues to
determine the likelihood that the speech arises from a single speaker or
multiple speakers. A ‘Bayes-optimal synchrony window’ can be derived
from this model and this approach allows for the examination of
different reasons leading to enlarged TBWs (Noel et al., 2018d).
Abnormally enlarged TBWs can be a result of either a-priori bias to
ascribe common source or poor fidelity in sensory representation (i.e.,
high levels of sensory noise). Compared to the first class of
independent-channel models, the Bayesian framework emphasizes more
on top-down cognitive processes (e.g., prior assumptions) in addition to
bottom-up stimulus characteristics.

3. Factors affecting audiovisual TBW

Both top-down processes, such as attention and expectations, and
bottom-up features, like stimulus types and intensity, modulate the
likelihood of whether unisensory stimuli would be combined. The
following section reviews relevant studies investigating factors affecting
the width of the TBW.

3.1. Top-down processes

A handful of studies have investigated the correlations between
attention and audiovisual temporal integration. For instance, reduced
attentional resources induced by distractors (Vatakis et al., 2007;
Vatakis and Spence, 2006a) or dual tasks (Dean et al., 2017) can lead to
worse performance in the audiovisual TOJ task. On the other hand,
heightened attention capacity is associated with a narrower TBW and
increased temporal acuity (Donohue et al., 2015; Li et al., 2018). Using
warning cues to induce a transient alerting effect, the intensity of
attention can be increased, which in turn contributes to enhanced
multisensory temporal precision (Li et al., 2018). Finally, selective
attention also has a prior-entry effect so that the attended stimulus
comes into consciousness more quickly than unattended ones, with the
Point of Subjective Simultaneity (i.e., PSS, the peak point of audiovisual

Stimulus Onset Asynchrony (SOA) where participants have the highest
probability of integrating stimuli) shifting towards the unattended sen-
sory modality (Barrett and Krumbholz, 2012; Zampini et al., 2005).

Prior experiences and unity assumption is another important top-
down factor affecting the width of the TBW. Unity assumption occurs in
conditions where individuals believe unisensory stimuli originate from
the same object/event due to their prior experiences (either short-term
contextual experiences or long-term memory) (Welch and Warren,
1980). Unity assumption can facilitate audiovisual integration. That is to
say, individuals allow for larger temporal offsets and a wider TBW for
matched compared with mismatched audiovisual events (Chuen and
Schutz, 2016; Habets et al., 2017; Margiotoudi et al., 2014; ten Oever
et al., 2013; van Wassenhove et al., 2007; Vatakis and Spence, 2007).
Stevenson et al. (2014b) has put forward a “parallel accumulator model”
to explain this unity effect. In their model, both temporal relationship
and cognitive factors (e.g., semantic congruency) can add information
about whether or not to integrate two sensory inputs in parallel.
Therefore, when audiovisual stimuli are semantically matching and
induce a strong unity assumption, less additional evidence from tem-
poral proximity is needed to reach a judgement that two inputs originate
from the same source and should be integrated. This in turn leads to
greater tolerance of temporal misalignment for congruent stimulus
pairs. However, this unity effect is only consistently found in human
speech stimuli and does not necessarily extend to other kinds of stimulus
(Chen and Spence, 2017), such as monkey calls (Vatakis et al., 2008a),
object actions or musical videos (Vatakis and Spence, 2008). One hy-
pothesis is that unity assumption needs extensive prior experience to
form. If there is a large amount of exposure to musical stimuli, it is
possible to demonstrate a unity effect with stimuli in the area of
expertise (Petrini et al., 2009a).

Similar to the influence of attention, prior experiences could also
shift the PSS of audiovisual TBW (Navarra et al., 2010). Specifically,
visual speech stream has to precede the auditory stream by a larger in-
terval in the participants’ native language than in their non-native
language for synchrony perception. A possible reason is that the antic-
ipatory effect of visual information on upcoming auditory speech is
stronger in one’s native language, which may speed up the processing of
the auditory stimuli and decrease the apparent temporal separation
between visual and auditory speech signals (Navarra et al., 2010).

Other top-down processes including predictability and emotion have
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also received some research attention. Higher predictability learned by
action-outcome associations (Arikan et al., 2017; Desantis and Haggard,
2016a, 2016b) or obtained by special pitch/temporal patterns in stimuli
sequence (Cook et al., 2011) can facilitate audiovisual binding, resulting
in a wider TBW. As for emotions, induced positive emotions in in-
dividuals with low depressive traits promote audiovisual integration and
thus broaden the TBW as indicated by stream/bounce illusion (Kitamura
et al., 2016).

3.2. Bottom-up features

In addition to top-down processes, audiovisual temporal processing
is also influenced by bottom-up stimulus characteristics.

Spatial correspondence and the intensity of stimuli, in addition to
temporal proximity, are two other factors that determine the possibility
and strength of multisensory integration (Calvert et al., 2004). However,
these factors do not take effect independently, and they interact with
each other to facilitate appropriate binding or separation of sensory
inputs from different modalities. With regard to multisensory temporal
integration, spatial information of audiovisual pairs can affect the width
of TBW, with increased temporal acuity (i.e., smaller TBW) for stimuli
from different spatial locations (Bertelson and Aschersleben, 2003;
Zampini et al., 2003a, 2003b). Even for audiovisual stimuli presented at
the same location, the exact position of the targets also affects in-
dividuals’ tolerance of temporal offsets. For example, individuals are
more likely to judge stimuli as synchronous when they occur in the
periphery (Noesselt et al., 2005; Stevenson et al., 2012a). There is also a
tendency to bind audiovisual stimuli of large temporal disparity within
the peripersonal space (surrounding the body) compared with those
appearing in the distal space (Noel et al, 2016b, 2018c). As proposed by
Noel et al. (2016b), this effect is due to an automatic remapping of
stimuli into a body-centred reference frame, which is necessary to
further integrate external stimuli with tactile bodily stimulation. Due to
the difference in the transmission speed of light and sound, individuals
can shift their PSS adaptively when the distance of audioviual targets
changes (Lewald and Guski, 2004; Silva et al., 2013). In terms of the
effect of stimulus intensity/effectiveness, no consistent conclusion has
been reached with regard to whether salient (Shahin et al., 2017) or
low-intensity (Krueger Fister et al., 2016) audiovisual stimuli are asso-
ciated with a larger TBW. More research is needed in this area.

Besides space and intensity, the intrinsic characteristics of the stim-
ulus also plays a part in shaping the audiovisual TBW. In general,
research findings indicate that the TBW becomes larger with increasing
complexity of the stimulus (e.g., non-speech object actions < syllable <
speech < musical events) (Schwartz and Savariaux, 2014; Stevenson and
Wallace, 2013; Vatakis and Spence, 2006b, 2006c¢), with some excep-
tions (Maier et al., 2011; Vroomen and Stekelenburg, 2011). For simple
stimuli like flash and beeps, the stimulus duration has little effect as the
width of the TBW is mainly determined by stimulus onset (Tiippana and
Salmela, 2018). However, for more complex speech stimuli, longer du-
rations can offer more useful timing cues, which in turn could lead to
better performance in detecting audiovisual asynchrony (Eg and Behne,
2015).

More details about studies focusing on other bottom-up features (e.
g., synaesthetic congruency of audiovisual stimuli, reverberation levels,
frame rate of video clips, and invertion of human face) can be found in
Supplementary Table 1. In short, a wide range of low-level stimulus
characteristics could influence perceptual synchrony.

4. Neural mechanisms of audiovisual TBW
4.1. Findings from fMRI/PET studies
Detecting audiovisual temporal correlation requires coordinated

work of a large-scale brain network, including the auditory (van Atte-
veldt et al., 2007a, 2007b) and visual (Macaluso et al., 2004) cortices,
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the fronto-parietal dorsal attention network (Binder, 2015) and some
regions crucial for multisensory integration, such as the superior colli-
culi (Calvert et al., 2001), the insula (Bushara et al., 2001; Lamichhane
et al., 2016), the inferior parietal cortex (Adhikari et al., 2013; Dhamala
et al., 2007) and the superior temporal sulcus (Marchant et al., 2012;
Noesselt et al., 2012; Stevenson et al., 2011, 2010). Moreover, if the
stimuli are speech-related, some prefrontal areas (e.g., the inferior
frontal gyrus), which are related to speech production, are also involved
(Baumann et al., 2018; Biau et al., 2016; Romanski and Hwang, 2012).
Among these brain regions, the superior temporal sulcus (STS) is
regarded as the hub for multisensory integration, as well as language
comprehension and social cognition. Previous research has revealed two
anatomically distinct sub-regions within the STS, one sensitive to
low-level temporal synchrony, and the other responsible for processing
audiovisual perceptual fusion at higher cognitive level (Stevenson et al.,
2011).

Different brain networks are engaged when individuals are exposed
to synchronous versus asynchronous audiovisual events (see meta-
analysis, Erickson et al., 2014). Our ALE meta-analysis of synchronous
audiovisual integration included 114 foci from 10 experiments, and the
ALE meta-analysis of asynchronous condition included 163 foci from six
experiments (Table 2). Details on paper selection and statitistical pro-
cedures can be found in the supplementary text. We found that the STS
plays a pivotal role in audiovisual integration regardless of temporal (a)
synchrony, with an anterior-posterior topographic pattern correspond-
ing to synchrony and asynchrony perception (Fig. 2). Processing syn-
chronous audiovisual pairs, compared with asynchronous conditions, is
more likely to activate the bilateral primary auditory cortex (Fig. 2;
Table 3), suggesting that redundant visual input may boost multisensory
validation and increase activities in neurons receiving consistent audi-
tory information. Such reinforcement in the auditory cortex can in turn
facilitate fusion and correct perception. On the other hand, perception of
asynchrony needs to harness a different functional network, including
the prefrontal, the posterior superior temporal and cerebellar areas
(Fig. 2; Table 3).

Based on findings about audiovisual asynchrony processing, we
depicted a brain network model responsible for conflicting audiovisual
temporal integration (Fig. 3). First, at the primary sensory level to
encode sensory information, asynchrony may elicit prediction errors in
the visual and auditory cortices (Lee and Noppeney, 2014; Wiggins and
Hartley, 2015). These prediction error signals are further transmitted to
higher associatve regions, leading to a stronger functional connection
between the prefrontal cortex and the STS (Noesselt et al., 2012) and a
significant coactivation between the anterior insula (AI) and the dorsal
anterior cingulate cortex (dACC) within the Salience Network (SN),
which in turn may facilitate the detection of temporal misalignment
(Lamichhane and Dhamala, 2015; Lamichhane et al., 2016). These
higher-order prefrontal regions may be involved in error monitoring and
conflict resolution on encountering inconsistent multisensory inputs
(Erickson et al., 2014). The Al is responsible for integrating sensory
information, and the functional connection from the AI to the dACC
guides the selection of appropriate choices (Lamichhane and Dhamala,
2015). More importantly, activation of the Al and the dACC has been
shown to be stronger when audiovisual stimuli are asynchronous,
highlighting that regions in the SN are part of a system supporting
difficult sensory decision-making tasks (Lamichhane et al., 2016). In
addition to the prefrontal cortex, audiovisual asynchrony perception
recruits brain regions related to motor planning and action production
(Lee and Noppeney, 2011). Specifically, asynchronous stimuli signifi-
cantly enhance the connectivity from the premotor cortex and the cer-
ebellum to the STS. To interpret this process of sensorimotor integration,
Noppeney and Lee (2018) have proposed an internal forward model that
“maps from the motor plan of intended action (e.g., speaking) onto its
sensory consequences (e.g., concurrent auditory sounds)”, which is
thought to be a supplementary mechanism enabling more precise tem-
poral prediction of audiovisual events. Finally, apart from its function of
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motor planning, the cerebellum also contributes to time perception,
especially the detection of stimulus onset and consequent error correc-
tion (Petter et al., 2016). Thus, the robust activation of the cerebellum in
TBW-related tasks (Lee and Noppeney, 2014, 2011; Petrini et al., 2011)
suggests that precise timing may be a prerequisite for intact multisen-
sory temopal integration.

To summarize, the brain model here (Fig. 3) provides potential
neurocognitive mechanisms underlying audiovisual temporal process-
ing, including low-level perceptual encoding, high-level cognitive con-
trol, supplementary motor prediction and time perception. Deficits in
any phase could result in reduced asynchrony sensitivity and an
enlarged TBW. It is important for future research to separate these
components and investigate their roles in TBW-related tasks.

4.2. Evidence from EEG/MEG studies

Apart from fMRI/PET findings, electroencephalographic (EEG) and
magnetoencephalographic (MEG) studies provide converging evidence
of the neural mechanisms underlying audiovisual temporal integration.
Multisensory integration as indexed by the difference between event-
related potentials (ERPs) evoked by audiovisual stimuli and the sum-
mation of ERPs evoked by unisensory stimuli is strongest when auditory
and visual stimuli are synchronous, with longer SOAs weakening the
integration effect (Liu et al., 2011). Source analysis of EEG data has
revealed that enhanced frontal activity and decreased activity in the
auditory and visual cortices, indexing superior top-down regulation, are
correlated with fewer sound-induced visual illusion and narrower TBWs
(Bidelman and Heath, 2019b). Additionally, given the methodological
advantage of EEG and MEG (i.e., higher temporal resolution compared
with fMRI), these studies also provide information on the different
processing stages of multisensory integration. The following section
reviews the main EEG/MEG findings regarding brain oscillations and
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Fig. 2. Significant clusters for asynchronous vs. synchronous audiovisual
integration. Notes: Synchronous audiovisual stimuli activate bilateral primary
auditory cortex more strongly than asynchronous conditions (shown in yellow).
In contrast, asynchronous audiovisual processing recruits posterior superior
temporal cortex, left cerebellum and the inferior frontal cortex (shown in red).
Threshold: p < 0.001 for cluster-forming method and p < 0.05 for cluster-level
inference. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

ERPs of audiovisual temporal processing, covering the whole sensory
and cognitive process, starting from pre-stimulus preparation and
ending with final sensory decision-making.

First, pre-stimulus local and network activity can influence up-
coming multisensory perception (Ikumi et al., 2019; Keil et al., 2014).

Table 2
Studies contrasting synchronous vs. asynchronous audiovisual integration included in the ALE meta-analysis.
Study Sample audiovisual stimuli Task N of Summary of regions
size foci
Synchronous > Asynchronous (10 studies, 114 foci)
Bishop and Miller 25 vowel-consonant-vowel Speech identification 22 Bilateral temporal-occipital boundary; intraparietal sulcus;

(2009) tokens

precentral and postcentral gyrus; caudate and putamen

Calvert et al. (2001) 10 Flash and beeps Passive viewing and 15 superior colliculus; insula; frontal regions
listening
Lewis and Noppeney 16 rotated visual patterns with Shape/motion 14 Auditory and visual areas
(2010) auditory clicks discrimination
Macaluso et al. 8 Words/nouns Target detection 9 ventral and dorsolateral occipital cortex; left superior temporal
(2004) sulcus (STS)
Marchant et al. 16 flash(chessboard) and beeps Target detection 9 STS; supplementary motor area; thalamus and basal gangalia
(2012)
Noesselt et al. 24 flash and beep streams Target detection to ensure 19 STS; visual and auditory areas
(2007) attention
Stevenson et al. 8 monosyllabic words/nouns Semantic categorization 8 superior colliculus; visual and auditory areas
(2010)
van Atteveldt et al. 8 single letters and speech Passive viewing and 4 Posterior and anterior auditory association cortex
(2007a) sounds listening
Miller and 11 vowel-consonant-vowel Simultaneity Judgement 2 STS
D’Esposito (2005) tokens
Noesselt et al. 11 sentences Simultaneity Judgement 12 STS; prefrontal cortex
(2012)
Asynchronous > Synchronous (6 studies, 163 foci)
Baumann et al. 24 Non-speech visual and Target detection to ensure 3 Motor areas; dorsal lateral prefrontal cortex
(2018) auditory streams attention
Busharaetal. (2001) 12 Flash and beeps Simultaneity Judgement 9 right insula; inferior frontal gyrus; inferior parietal lobe; left
cerebellum
Lee and Noppeney 37 Short sentences and music Passive viewing and 33 bilateral STS; cerebellum
(2011) listening
Lee and Noppeney 37 speech, sinewave speech and Passive viewing and 61 STS; visual and auditory areas; cerebellum
(2014) music listening
Miller and 11 vowel-consonant-vowel Simultaneity Judgement 15 STS; supplementary motor areas; intraparietal sulcus; prefrontal
D’Esposito (2005) tokens cortex
Noesselt et al. 11 sentences Simultaneity Judgement 42 STS; prefrontal cortex; insula

(2012)
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Table 3
ALE analysis results of asynchronous vs. synchronous audiovisual integration.
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Contrast Brain Region Volume ALE MNI Brodmann areas Contributing experiments
3
Type (mm®) value v 2
Sync > Right STG 1496 0.0148 50 -20 10 Brodmann area 41 Lewis and Noppeney (2010)
Async 0.0112 56 -18 Brodmann area 22 Noesselt et al. (2007, 2012)
0.0108 54 -30 8 Brodmann area 41 Stevenson et al. (2010)
0.0102 48 -36 10 Brodmann area 41
0.0102 40 -36 16 Brodmann area 41
Left STG 896 0.0183 -52 -20 6 Brodmann area 22 Lewis and Noppeney (2010); Marchant et al. (2012);
Noesselt et al. (2007)
Async > Right MTG 2120 0.0202 54 —-42 8 Brodmann area 21 Lee and Noppeney (2011, 2014);
Sync 0.0189 46 —58 4 Brodmann area 37 Miller and D’Esposito (2005)
Left STG/STS/ 1936 0.0214 -52 54 8 Brodmann area 39 Lee and Noppeney (2011, 2014);
MTG 0.0209 —54 —42 4 Brodmann area 22 Noesselt et al. (2012)
Left cerebellum 1536 0.0189 —-16 —-72 —44  Inferior Semi-Lunar Lee and Noppeney (2011, 2014);
Lobule Bushara et al. (2001)
0.0166 —22 —66 —46  Cerebellar Tonsil
0.0166 -16 72 —40  Inferior Semi-Lunar
Lobule
0.0161 —26 —66 —50  Cerebellar Tonsil
0.0102 -12 —80 -32 Uvula
Left STG/STS/ 1224 0.0139 -66 38 16 Brodmann area 22 Lee and Noppeney (2011, 2014);
MTG 0.0131 —-58 —28 8 Brodmann area 41 Noesselt et al. (2012)
0.0128 —64 -36 8 Brodmann area 22
0.0128 -62 -32 6 Brodmann area 22
Right STG/STS 752 0.0189 54 -24 -2 Brodmann area 21 Lee and Noppeney (2011, 2014)
0.0166 58 —26 2 Brodmann area 22
Left STG/IFG 576 0.0177 -52 12 -9 Brodmann area 22 Lee and Noppeney (2011, 2014)

Notes: Sync = synchronous; Async = asynchronous; STG = superior temporal gyrus;

frontal gyrus.
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Fig. 3. A hypothetical model of the brain network responsible for audiovisual
asynchrony detection. Notes: PFC = prefrontal cortex; ACC = Anterior
Cingulate Cortex; STS = superior temporal sulcus (1) --- communications be-
tween unisensory areas (e.g., phase resetting) (2) — bottom-up processes:
Sensory inputs and prediction errors are transmitted from the primary sensory
cortex to the multisensory STS, and further to the prefrontal cortex. (3) — top-
down modulations: The prefrontal cortex send conflict-solving signals to the
STS, which further reduce prediction errors in the auditory and visual cortex.
(4) -+ supplementary mechanisms for more accurate audiovisual temporal
integration.

For example, a down-modulation of pre-stimulus alpha power in the
auditory cortex (an index of decreased inhibition of ongoing informa-
tion) is linked to better performance in temporal judgement (Grabot
et al., 2017). Baseline fluctuation in the beta and gamma band before
stimulus onset could predict perceived simultaneity (Yuan et al., 2016).
However, it should be noted that synchrony perception for
auditory-leading and visual-leading sequences is correlated with oppo-
site changes in pre-stimulus oscillatory power (enhanced vs. decreased

STS = superior temporal sulcus; MTG = middle temporal gyrus; IFG = inferior

prestimulus beta and gamma power respectively for AV and VA syn-
chrony perception) (Yuan et al., 2016) and may recruit separate neural
pathways (Cecere et al., 2017).

Consistent with fMRI findings, the primary sensory cortices have
already shown sensitivity to the temporal offset of multisensory infor-
mation, as MEG source analysis has shown that temporal asynchrony
could affect the latency of peak activation in the primary visual and
auditory cortices (Franciotti et al., 2011). Multisensory interactions
occur in the early stages of cortical processing (i.e., auditory
gammar-band responses (GBRs) in a post-stimulus time window of
30-80 ms and visual GBRs after 60-120 ms), but this early multisensory
effect can only be observed when auditory and visual stimuli are pre-
sented with the highest temporal proximity (SOA < 25 ms) (Senkowski
et al., 2007). Other evidence supporting temporal synchrony that could
influence early-stage sensory processing includes the reduction of
auditory evoked potentials by congruent visual stimuli (Pilling, 2009).
This attenuation effect is observed as early as six months of age (Kopp,
2014; Kopp and Dietrich, 2013), and is maximal when the visual signal
precedes the auditory one by a small SOA or the audiovisual pairings
occur simultaneously, both of which correspond to the greatest possi-
bility of synchrony perception (Simon and Wallace, 2018). In contrast,
out-of-synch perception (i.e., the segragation of irrelevant audiovisual
pairs) is associated with larger amplitude auditory ERPs (e.g., more
positive voltage between 210 and 270 ms following sound onset
(Kaganovich and Schumaker, 2016) and larger N1-P2-N2 auditory se-
quences (Bhat et al., 2015)) and also more persistent low theta-band
oscillations (3.5-5 Hz) well after the auditory stimulus (Simon and
Wallace, 2018). Enhanced auditory potentials may reflect a more
detailed neural encoding for acoustic onsets, which in turn conribute to
higher sensitivity for audiovisual temporal asynchrony (Kaganovich and
Schumaker, 2016).

Apart from the modulations of auditory ERPs by multisensory stimuli
(Musacchia and Schroeder, 2009), phase resetting is another important
mechanism that could explain audiovisual temporal integration in the
primary sensory cortices. This is a phenomenon where a preceding
sensory stimulus may reset the phase of ongoing oscillations in the
cortex that receives the second sensory input, leading to stronger phase
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coherence between two separate sensory areas (Kambe et al., 2015).
Such processes, coupled with earlier pre-stimulus oscillatory modula-
tion, can prepare the reset brain region for subsequent processing of the
second stimulus, integrating it with the first sensory input, thus
contributing to temporal binding and synchrony perception (Kambe
et al., 2015).

To facilitate audiovisual temporal integration, enhancement of phase
coherence not only occurs between the primary auditory and visual
cortices (Kambe et al., 2015; Nozaradan et al., 2012), but also involves
higher-order and multisensory brain regions, such as the middle tem-
poral gyrus (Keil et al., 2014) and the prefrontal-parietal network
(Doesburg et al., 2008). In fact, a large scale functional network, indi-
cated by heightened global coherence (especially in the gamma band
linked to feature integration and associative learning), has been found
for both synchronous (Kumar et al., 2016) and asynchronous audiovi-
sual perception (Doesburg et al, 2008). According to the
communication-through-coherence hypothesis, neural populations
communicate more efficiently through long-range phase synchroniza-
tion (see review, Senkowski et al., 2008). These coherently oscillating
neurons may form a task-relevant network responsible for explicit
simultaneity judgement or implicit multisensory fusion, enabling either
a unified percept for temporally-aligned audiovisual pairs or a segra-
gation of temporally-distant audiovisual stimuli. Using fixed audiovisual
presentations in which participants perceived simultaneity/fusion in
approximately 50% of trials, it would be informative to assess how and
to what extent oscillatory activities could predict different responses (i.
e., synchronous vs. unsynchronous; illusion vs. non-illusion) for iden-
tical stimuli. Previous studies using this method have demonstrated that
phase-resetting only ocurrs when participants make simultaneity re-
sponses (Kambe et al., 2015) and pre-stimulus phase coupling between
multimodal temporal area and the auditory cortex only precedes
multisensory illusion (Keil et al., 2014). More studies are needed to
disentangle the effect of ongoing (both pre-stimulus and post-stimulus)
oscillations on varying perception for invariant stimuli.

4.3. Neuroregulatory studies of TBW to explore causal links

All the above findings are based on correlational studies. To deter-
mine the causal links between brain activities and audiovisual TBW,
non-invasive brain stimulation methods such as transcranial direct
current stimulation (tDCS) and transcranial alternating current stimu-
lation (tACS) can be used to modulate neural excitability or brain os-
cillations in specified cortical regions. In this review, we found two
relevant neuro-modulatory studies. Zmigrod and Zmigrod (2015) found
that audiovisual TBW substantially narrowed when anodal tDCS was
applied to the posterior parietal cortex (PPC) (enhancing its excitibility),
indicating a possible causal link between the PPC and the flexibility of
the TBW. However, since the PCC is responsible for a wide range of other
cognitive abilities (e.g., attention, memory retrieval) (Ciaramelli et al.,
2008), it is difficult to pinpoint which stage of cognitive process sup-
ported by the PCC is facilitated to cause TBW narrowing. Cecere et al.
(2015) modulated occipital oscillatory activitives by tACS while par-
ticipants were performing the Sound Induced Flash Illusion (SiFi) Task.
Driving oscillations in the alpha band towards slower versus faster fre-
quencies leads to wider versus shorter TBWs. Therefore, the duration of
the alpha cycle may be a neural temporal unit to bind auditory and vi-
sual inputs (Cecere et al., 2015). More importantly, the relationship
between occipital oscillations and the width of the TBW shows a
frequency-specific effect for different sensory modalities, with auditor-
y-visual interaction in the alpha band and somatosensory-visual con-
nectivity in the beta band (Cooke et al., 2019). This finding indicates
modality-specifc neural mechanisms when integrating sensory inputs
from different kinds of crossmodal stimulus pairs.
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5. Audiovisual TBW across the lifespan

The final product of multisensory integration is shaped by the rela-
tive reliance on low-level stimulus characteristics including temporal
relationships and experienced-related learned associations (see review,
Murray et al.,, 2016). Developmentally, there is a shift from heavy
dependence on stimulus characteristics in early life to increasing
emphasis on learned associations as one progresses into adulthood
(Murray et al., 2016). Specifically for the ability of utilizing temporal
cues to integrate or segregate audiovisual information, the size of the
audiovisual TBW follows a U-shaped pattern across the lifespan and it is
the narrowest and most mature in intermediate ages (Noel et al., 2016a;
Stevenson et al., 2018a).

Starting at birth, young infants show preference for synchronous
audiovisual videos (Curtindale et al., 2019; Morrongiello et al., 1998)
and are able to detect audiovisual asynchrony for both non-speech
(Hannon et al.,, 2017; Lewkowicz, 1996) and speech (Lewkowicz,
2010, 2003; 2000; Pons and Lewkowicz, 2014) stimuli after habituating
to audio-visually synchronous pairings, but their sensitivity to multi-
sensory temporal relationships is considerably poorer than adults (i.e.,
requiring large temporal intervals to detect audiovisual asynchrony)
(Lewkowicz, 2010, 1996). Temporal synchrony is thus considered a
basic and simple cue for multisensory integration, helping infants
broadly bind corresponding audiovisual information, including
non-human primate faces and vocalizations (Lewkowicz et al., 2010),
point lights of biological motion (Falck-Ytter et al., 2011), native audible
and visible speech stimuli and non-native multisensory inputs (Hillairet
de Boisferon et al., 2017; Lewkowicz et al., 2015). In addition, the
mechanism underlying asynchrony perception in infants may be
domain-general and based on the sensitivity to stimulus-energy onsets
and offsets rather than speech-specific characteristics such as lip
movement (Hollich et al., 2005) or acoustic speech signals (Lewkowicz,
2010).

With accumulating perceptual experience and accelerating neural
conduction during childhood, the audiovisual TBW becomes more fine-
tuned but still remains larger than adults (Kaganovich, 2016; Lewkowicz
and Flom, 2014). In fact, for simple and non-speech stimuli (e.g.,
flashbeeps), this developmental course is rather protracted, extending
beyond the first decade (Hillock et al., 2011) and throughout the
teenage years (Hillock-Dunn and Wallace, 2012). However, , 2016b)
found that 9-year-olds could perceive flashbeep simultaneity as effi-
ciently as adults. For more complex audiovisual speech stimuli, the TBW
seems to mature much earlier (Hillock-Dunn et al., 2016). Such findings
indicate that multisensory integration is an experience-dependent pro-
cess, with temporal associations of more ecologically relevant commu-
nicative signals being learnt first.

It is unclear whether Auditory-Visual (A-V) and Visual-Auditory (V-
A) asynchrony sensitivities have the same developmental trajectory
(Hillock-Dunn and Wallace, 2012) or mature at different ages (Hillock
et al., 2011; Kaganovich, 2016). As visual-leading circumstances are
predominantly represented in the real world, a typical TBW of a mature
adult is often asymmetrical, with a flat slope on the visual-leading side
(i.e., more tolerance of visual-leading conditions) (Love et al., 2013;
Stevenson et al., 2012b). Future studies are required to determine when
and how the different detection sensitivity of A-V and V-A asynchrony
are established.

In normal ageing, the TBW tends to increase in size again where the
elderly typically requires longer temporal offsets to detect asynchrony
(Chan et al., 2014), have difficulty in discriminating temporal order
(Bedard and Barnett-Cowan, 2016; De Boer-Schellekens and Vroomen,
2014; Setti et al., 2011b) and become more vulnerable to flash fission
illusions induced by well-separated sounds (Hernandez et al., 2019;
McGovern et al., 2014; Setti et al., 2011a). However, Fiacconi et al.
(2013) found no age effect on performance in the TOJ task. Older adults
also show altered auditory N1 and visual P1 amplitude when inputs are
separated by long temporal intervals, suggesting impaired attention
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switching between different sensory modalities and an extended TBW
among the elderly (Basharat et al., 2018; Setti et al., 2011b). Even if
some older adults perform no worse than their younger counterparts in
audiovisual synchrony tasks, they need to recruit more widespread
frontal and parietal brain regions to maintain a similar level of perfor-
mance, as indicated by the differential spatial-temporal EEG patterns
between participants in two different age groups (Chan et al., 2017).
More importantly, such impaired audiovisual asynchrony perception
cannot be explained by a decline in unisensory detectability alone (Chan
et al., 2014). In other words, even if visual and auditory stimuli are
scaled according to individual detection thresholds, a broader audiovi-
sual TBW is still found in older adults (Chan et al., 2014).

The U-shaped pattern of audiovisual TBW across the lifespan is
thought to have its corresponding neural underpinnings. Animal studies
with invasive recordings suggest that the number of multisensory neu-
rons (i.e., neurons activated by stimuli from multiple sensory modal-
ities) increases gradually after birth and they mature over an extended
developmental period (Wallace and Stein, 1997; Wallace et al., 2006).
The late maturation of the TBW may thus coincide with protracted
maturation of multisensory brain networks. In contrast to multisensory
development, much less is known about how multisensory neurons and
their function change with age. However, evidence from human
behavioural measures suggests stronger multisensory facilitation in
older adults, which may serve as a compensatory mechanism for general
perceptual slowing (Laurienti et al., 2006; Peiffer et al., 2007). Consis-
tent with this viewpoint, larger TBWs in older adults are likely to reflect
the need for greater accumulation of evidence to counteract deterio-
rating peripheral sensory processing efficiency and degraded sensory
representations (Diederich et al., 2008). Therefore, larger TBWs during
development and ageing may be caused by different mechanisms which
warrant future investigations.

6. Atypical audiovisual TBW in various mental and physical
disorders

6.1. Neurodevelopmental disorders

A newly published review article summarized literature on a broader
scope of multisensory processing not restricted to audiovisual domain
and temporal factors (Wallace et al., 2020). They have found altered
multisensory function in several neurodevelopmental and neuropsy-
chiatric conditions and such atypical multisensory integration has been
shown to correlate with higher-order cognitive and social abilities
(Wallace et al., 2020).

Specifically for the temporal aspect of multisensory processing, an
‘appropriate’ size of TBW is critical for forming a coherent perception of
the external world. On the one hand, It should be narrow enough to
separate temporally disparate events, On the other hand, it should also
be wide enough to tolerate small offsets and allow multisensory infor-
mation from the same source to be bound taking into consideration the
different transmission speed in auditory and visual system. In other
words, abnormally widened or shortened TBW can be equally mal-
adaptive and result in decreased integration. In fact, an enlarged TBW
has been found to be characteristic of a wide range of psychiatric and
neurological disorders (see Fig. 4). Among all the disorders investigated,
neurodevelopmental disorders such as autism, dyslexia and schizo-
phrenia have received most research attention (Wallace and Stevenson,
2014; Zhou et al., 2018). We found a total of 22 studies investigating
audiovisual TBW in autistic individuals. More details about the study
characteristics and main findings can be found in Table 4. To summa-
rize, the overwhelming majority of evidence from children and adoles-
cents support the presence of impaired audiovisual temporal integration
in individuals with autism spectrum disorders (ASD), regardless of the
tasks used to measure the size of the TBW. Several theoretical models
including predictive coding and weak coherence theories have been
proposed to explain impaired temporal integration of audiovisual
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stimuli in ASD (see reviews, Chan et al., 2016; Chan and Naumer, 2014).
In contrast, autistic adults seem to have intact temporal acuity for au-
diovisual stimuli, at least for non-speech and arbitrary flash and beeps
(Poole et al., 2017; Turi et al., 2016). These findings indicate delayed
development of multisensory processing in ASD (see a recent review,
Beker et al., 2018), and children with ASD may have the potential to
catch up to their typically developing peers during adulthood. Our re-
sults are consistent with a recent systematic review and meta-analysis
suggesting that ASD individuals show general impairment in audiovi-
sual integration and the abnormality is more prominent in younger
populations (Feldman et al., 2018). Further longitudinal studies are
needed to track the developmental trajectories of the TBW in ASD
individuals.

As individuals with ASD demonstrate severe social and communi-
cation dysfunctions, one controversial question is whether the extended
audiovisual TBW is restricted to speech-related events (Bebko et al.,
2006; Noel et al., 2017b; Stevenson et al., 2016, 2014a) or generalized to
non-speech stimuli as well (de Boer-Schellekens et al., 2013a; Foss-Feig
etal., 2010; Kwakye et al., 2011; Noel et al., 2018b). However, the TBW
for non-speech stimuli can predict the strength of audiovisual speech
integration (indicated by McGurk fusion), which is in turn correlated
with the capacity of speech comprehension in noise (Stevenson et al.,
2018Db). Sensitivity to audiovisual synchrony has also been found to be
correlated with language and communicative skills in ASD children
(Noel et al., 2018a; Patten et al., 2016; Righi et al., 2018). Extending to
the subclinical population, adults with elevated autistic traits show a
strong bias to perceive auditory-leading pairs as simultaneous (Donohue
et al., 2012) and recalibrate less after exposure to the visual-leading
adaptation phase (Stevenson et al.,, 2017b). In addition, adults
showing higher tendency to focus on sensory details may have a nar-
rower TBW, while those reporting more restricted and rigid behaviours
are more likely to integrate audiovisual speech stimuli over wider TBWs
(van Laarhoven et al., 2019). These results suggest that altered sensory
perception may contribute to autistic symptomatology in the general
population.

Not unique to ASD, children with other developmental disorders
such as specific language impairment similarly tend to bind auditory and
visual information over abnormally long temporal intervals (Kagano-
vich et al., 2014; Pons et al., 2013), which is a predictor of their lan-
guage skills (Kaganovich, 2017). In addition, decreased temporal acuity
seems to be a general feature of dyslexia in children and adults, ranging
from unisensory (Cacace et al., 2000; Chen et al., 2016a) to multisensory
processing (Hairston et al., 2005; Virsu et al., 2003), and also from
non-speech to speech stimuli (Francisco et al., 2017). As reading de-
pends on rapid and accurate integration of multisensory cues, such an
enlarged TBW over which even irrelevant auditory and visual elements
of words would be integrated may cause inappropriate
graphene-phoneme associations (Hairston et al., 2005; Blomert and
Froyen, 2010; Hahn et al., 2014), consequently impairing phonological
awareness (Laasonen et al., 2002), and the speed and accuracy of
reading (Laasonen et al., 2012) in dyslexic individuals. However, it is
uncertain whether graphene-phoneme correspondences are temporally
dependent. The hypothesis that reading deficits may be a result of
abnormally widened TBWs warrants further investigation. Despite the
impairment in temporal processing, dyslexic children could utilize
synaesthetic-congruent auditory cues (i.e., auditory pitch-visual size
matching) to separate visual stimuli (Chen et al., 2016a). Future in-
terventions could target at improving dyslexic children’s performance
on synaesthetic associations (reducing reaction times and enhancing
audiovisual congruent mapping), and utilize this improved synaesthetic
integration to further enhance their performance in visual TOJ tasks in
which visual stimuli are flanked by congruent beeps. Finally, the
sharpened temporal acuity may help to improve reading abilities (Chen
et al., 2016a).

On the other hand, patients with schizophrenia are more likely to
integrate temporally separate multisensory stimuli, indicated by the SiFi
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Fig. 4. The developmental trajectory of audiovisual TBW across the lifespan and its abnormality in different kinds of disorders. Notes: ASD = Autism Spectrum
Disorders; ADHD = Attention Deficit/Hyperactive Disorders; AD = Alzheimer Disorders; MCI = Mild Cognitive Impairment; PD = Parkinson Disorders.

task (Hap et al., 2017) and stream/bounce illusion (Zvyagintsev et al.,
2017). They find it hard to explicitly detect audiovisual speech asyn-
chrony (Martin et al., 2013) or judge visual temporal orders (De
Boer-Schellekens et al., 2014a). Such reduced temporal acuity has also
been found in individuals with high levels of schizotypal traits (Ferri
et al., 2018, 2017). Indeed, similar to individuals with dyslexia,
impaired temporal integration in schizophrenia patients generalizes
from visual, auditory to bimodal domains, which may cascade into
clinical symptoms such as disorganization and auditory hallucinations
(Foucher et al., 2007; Stevenson et al., 2017a). Some may argue that
widening of the audiovisual TBW is only a reflection of slower and
impaired within-modality processing. However, previous research has
suggested that multisensory TBW anomaly in schizophrenia cannot be
fully explained by unisensory processing, and contributes uniquely to
aberrant perception in schizophrenia (Stevenson et al., 2017a).

Evidence from autism, reading/language disorders and schizo-
phrenia all suggests an enlarged TBW in neurodevelopmental disorders.
However, Attention Deficit Hyperactivity Disorder (ADHD), another
common neurodevelopmental disorder, may be an exception (Pan-
agiotidi et al., 2017). Adults with high levels of ADHD-like traits show a
much smaller TBW than those with low levels of ADHD-like traits. This
abnormally shortened TBW may reflect a failure to integrate multimodal
stimuli in ADHD. In other words, subclinical ADHD adults have a bias to
separate audiovisual pairings even if they are only misaligned for a small
and tolerable temporal span, which could lead to distractibility, a core
symptom of ADHD (Panagiotidi et al., 2017). The aforementioned
findings indicate the potential of atypical TBW as a gateway to inves-
tigate the similarities and differences between different neuro-
developmental disorders.

Few studies have tried to disentangle the neural substrates of less
efficient multisensory synchrony perception in neurodevelopmental
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disorders. Only one study using task-based fMRI (Sanfratello et al.,
2018) found decreased activity at the intraparietal sulcus (dorsal visual
stream) under multisensory conditions in patients with schizophrenia,
which is correlated with the severity of positive symptoms. However,
there is accumulating evidence suggesting altered brain structure and
function underlying multisensory integration and temporal processing
in these clinical populations. For example, the posterior STS, which in
our ALE meta-analysis (Section 3) is considered a hub region for au-
diovisual temporal integration, has been found to have reduced grey
matter volume, atypical activation pattern and altered structural and
functional connectivity in individuals with autism, dyslexia and
schizophrenia (see review, Wallace and Stevenson, 2014). Moreover, the
prefrontal cortex and the Salience Network (SN), involved in conflict
detection for asynchronous audiovisual stimuli, have consistently been
reported to show abnormality in individuals with ASD (Vissers et al.,
2012), schizophrenia (Glahn et al., 2008) and ADHD (De La Fuente
et al., 2013). Finally, distortion in time perception is a common feature
of these neurodevelopmental disorders (e.g., ASD, schizophrenia and
ADHD, Allman and Meck, 2012; dyslexia, Farmer and Klein, 1995). The
cerebellum identified in our ALE analysis plays a key role in temporal
processing (Petter et al., 2016). Thus, impaired function of the cere-
bellum may be one of the neural substrates for altered TBW in these
disorders.

Although an atypical TBW has been found in several neuro-
developmental disorders and has been linked to perceptual and
communicative impairments, little is known about how altered audio-
visual temporal integration finally cascades into clinical symptoms. One
hypothesis is that enlarged TBWs may be a reflection of problems in
combining irrelevant sensory information, which results in an unpre-
dictable and confusing environment. This may explain the link between
atypical TBWs and hallucinations in schizophrenia (Stevenson et al.,
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Table 4

Summary of studies about audiovisual temporal integration in ASD.
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Authors(year)

Paradigm

stimuli type

main findings

Infants and young children (<6 years)

Bebko et al. (2006)

Falck-Ytter et al.
(2018)

Falck-Ytter et al.
(2013)

Righi et al. (2018)

Patten et al. (2016)

@Patten et al.
(2019)¢

preferential looking
preferential looking
preferential looking

preferential looking/eye-
tracking

preferential looking; language-
based paradigm

preferential looking

Children and adolescents (High functioning ASD)

Kwakye et al. (2011)

Foss-Feig et al. (2010)
Stevenson et al.
(2018b)

Stevenson et al.
(2014a)
Noel et al., 2017b

@Smith et al.
(2017)@

Grossman et al. (2015)

Noel et al. (2018a)

Noel et al. (2018d)

Feldman et al., 2019

Woynaroski et al.
(2013)

Multisensory TOJ

(temporal ventriloquism;
auditory effects on visual TOJ)
SiFi

TOJ, McGurk, speech in noise

SJ and TOJ

SJ

SJ

preferential looking

SJ

SJ

McGurk with varying
audiovisual SOAs

McGurk with varying
audiovisual SOAs

Adolescents and young adults (High functioning ASD)

de Boer-Schellekens
et al. (2013a)
Noel et al. (2018b)

de Boer-Schellekens
et al. (2013b)

TOJ
SJ
Multisensory TOJ (temporal

ventriloquism; auditory effects
on visual TOJ)

Adults (High functioning ASD)

@Turi et al. (2016)¢

SJ

non-linguistic, simple and complex linguistic
videos(3s AV temporal offset)
point light displays of biological motion

point light displays of biological motion

speech videos

speech with face obscured or not(audiovisual
videos)

speech without face (linguistic stimuli
paired with movement of related toys in the
absence of faces(700 ms out of syn))

flashbeep

flashbeep
flashbeep for TOJ/TBW

flashbeep, tool, syllable

flashbeep, tool, syllable

speech (i.e., consonant-vowel utterances)
and object stimuli (i.e., a bouncing ball)

speech(audiovisual videos)

speech (syllable)

speech(syllable)

speech(syllable)

speech(syllable)

flashbeep/handclap/
speaking face
flashbeep; heartbeep

flashbeep

flashbeep

11

ASD failed to show preference for congruent linguistic videos

Ten-month-old infants who later received an autism diagnosis did not
orient to audiovisual synchrony expressed within biological motion.
Three-year-old children with autism orient to neither audiovisual
synchronous video nor to biological motion

1 ASD failed to detect V-A 1s asynchrony while TD can detect 0.6s

2 ASD looked less at eyes and mouth of the dynamic face.

3 Individual differences in sensitivity to audiovisual asynchronies
and individual differences in orientation to relevant facial features
were both correlated with scores on a standardized measure of
language abilities

Children with low language abilities were significantly worse at

detecting synchrony when the stimuli include an unobscured face

than when the face was obscured.

1 Children with autism demonstrated the ability to detect audio-
visual synchrony when faces were obscured.

2 The amount of time they attended to the synchronous condition
was positively correlated with receptive language.

1 Enlarged TBW in ASD
2 Impaired auditory TOJ in ASD

Enlarged TBW in ASD

No difference of flashbeep TBW.

2 Larger audiovisual TBW contributed to impaired speech perception
in noise, and mediated by McGurk fusions.

Speech-specific enlargement of TBW in ASD

Enlarged TBW was associated with less McGurk effects.
Speech-specific enlargement of TBW in ASD

Less rapid temporal recalibration for non-speech audiovisual
stimuli in ASD

While controls showed similar tolerance of asynchrony for the
simple speech and object stimuli, individuals with ASD showed less
tolerance of asynchrony for speech stimuli compared to object
stimuli.

2 Decreased tolerance for asynchrony in speech stimuli was
associated with higher ratings of autism symptom severity.

ASD looked at the in-synch video less than TD peers and did not
increase their gaze time as much as TD participants in the explicit
task.

2 ASD looked significantly less at the mouth than their TD peers, and
significantly more at non-face regions of the image.

Enlarged TBW in the ASD group.

ASD individuals performed less complex head and hand movement
and showed less nonverbal synchrony with an interacting partner.
3 Audiovisual temporal acuity significantly predicted synchrony in
hand and head movements between TD participants and the
experimenter (i.e., narrower the TD participants’ TBW, the greater
their interpersonal synchrony), but not between the ASD
individuals and the experimenter.

Enlarged TBW in ASD and schizophrenia.

While the wider TBWs in ASD most prominently results from
atypical priors, the wider TBWs in SZ results from a trend toward
changes in prior and weaknesses in the sensory representations.
Enlarged TBW in ASD

Enlarged TBW and impaired multisensory speech perception were
correlated with atypical sensory responsiveness (i.e.,
hyporesponsiveness and sensory seeking) across the ASD and TD
group.

Enlarged TBW in ASD

ASD displayed deficits in visual only and matched audiovisual
speech perception

N o= N = —

—

-

N =

N =

N =

N =

general impairment in audiovisual TOJ in ASD

1 Enlarged audiovisual TBW in ASD

2 Four-folds larger cardio-visual TBW in ASD

1 impaired visual TOJ in ASD

2 intact low-level audiovisual integration or the phasic alerting by
abrupt sounds

—

No difference in TBW

(continued on next page)
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Table 4 (continued)
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Authors(year) Paradigm stimuli type main findings
2 No rapid audiovisual recalibration in ASD
@Poole et al. TOJ flashbeep; tactile 1 No group differences in temporal acuity for crossmodal stimuli.
(2017)@ 2 Visual-tactile temporal acuity and bias towards vision when

Trait adults

Stevenson et al. SJ and adaptation flashbeep
(2017b)
Donohue et al. (2012) SJ flashbeep
van Laarhoven et al. SJ Speech (pseudoword)

(2019)

presented with visual-auditory information were both predictors of
self-reported sensory reactivity.

-

Following exposure to the visual-leading adaptation phase, par-

ticipants’ perception of synchrony was biased towards visual-

leading presentations.

2 The strength of adaptation was significantly related to the level of
autistic traits, especially the Attention to detail

Auditory-leading PSS is related to high autistic traits

1 Increased difficulties in attentional switching (which reflected
more rigid and restricted behaviour) was correlated with a wider
TBW.

2 An increased tendency to focus on local aspects of sensory inputs

was correlated to a narrower TBW.

Notes. TBW = temporal binding window; SJ = simultaneity judgement; TOJ = temporal order judgement; SiFi = sound induced flash illusion.

Studies with “4p” did not find enlarged audiovisual TBW in ASD.

2017a). In addition, an atypical TBW may also reflect impaired ability to
correctly integrate relevant multimodal stimuli (Stevenson et al., 2018b,
2012b), which could undermine a vast array of abilities relying on
multisensory integration. For example, the failure to utilize temporal
cues to match facial vocal information with auditory speech signals may
cause ASD individuals to experience difficulty in communicating effec-
tively with others (Stevenson et al., 2018b). Similarly, weakened
graphene-phoneme integration is a potential mechanism underlying
deficits in reading and language comprehension (Hairston et al., 2005).
Given the scarcity of studies investigating the pathway linking TBW with
higher-order abilities, more research is needed to fill this gap.

6.2. Neurodegenerative disorders

Compared with developmental disorders, relatively few studies have
investigated audiovisual temporal acuity in neurodegenerative disor-
ders. Individuals with Parkinson’s disease show abnormal audiovisual
temporal order judgement where auditory processing is considerably
delayed and thus the PSS shifts towards the auditory-leading side
(Lewald et al., 2006). People with mild cognitive impairment (MCI) tend
to integrate audiovisual information across a wider TBW compared with
healthy elderly people (Chan et al., 2015). Although no study to date has
specifically examined the temporal factor of multisensory integration in
Alzheimer’s disease (AD), patients with AD do show reduced audiovi-
sual speech integration and report less McGurk perception (Delbeuck
et al., 2007; Festa et al., 2013). Moreover, extended TBWs are linked to
increased susceptibility to falls in the elderly, indicating the potential
effect of multisensory integration on balance maintenance (Setti et al.,
2011a). Compromised audiovisual temporal acuity may also undermine
general cognitive abilities (Hernandez et al., 2019) and language and
reading skills in older adults (Virsu et al., 2003).

6.3. Other disorders

A number of studies have also examined audiovisual temporal inte-
gration in different neurological and physical disorders. For example,
individuals with visual impairment (e.g., amblyopia) have been re-
ported to have an enlarged TBW, which may serve as a compensatory
mechanism of enhanced multisensory integration (Narinesingh et al.,
2017; Richards et al., 2018, 2017). Adults with one eye surgically
removed early in life, however, have normal TBW, suggesting adaptive
changes for optimal audiovisual integration due to the loss of visual
input during early development (Moro and Steeves, 2018). Other con-
ditions associated with altered TBW include obesity (Scarpina et al.,
2016), concussion (Wise and Barnett-Cowan, 2018) and psychogenic
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non-epileptic events (Noel et al., 2017a). More details about studies of
conditions besides neurodevelopmental and neurodegenerative disor-
ders can be found in Supplementary Table 2.

These findings suggest that altered audiovisual temporal integration
is not unique to one particular mental disorder but shared by various
disorders. Therefore, it is impractical to rely on altered TBW alone to
differentiate one disorder from another. However, the width of the TBW
combined with age may provide unique information for detection of
different clinical groups. For example, Falck-Ytter et al. (2018) have
found that a failure to orientate to audiovisual synchrony during infancy
can predict future autism. More importantly, future research could
target the potentially modifiable TBW to alleviate symptoms such as
language and social communicative impairment in autism, dyslexia and
other relevant disorders.

7. Modifiability of the audiovisual TBW

Multisensory temporal integration has a high degree of plasticity
even in adult brains. On the one hand, the width of the TBW can be
significantly narrowed with perceptual training (Powers et al., 2009).
On the other hand, the PSS can be shifted towards the auditory or
visual-leading side after transient or intensive exposure to
temporally-asynchronous pairs (Fujisaki et al., 2004; Van der Burg and
Goodbourn, 2015), which is a process called temporal recalibration. As
this review has an emphasis on the width of the TBW and temporal
recalibration is more of an adaptation of the PSS, this section will only
cover studies exploring the modifiability of the width of the TBW. More
details on studies concerning temporal recalibration could be found in
the supplementary text.

7.1. Perceptual training

Two studies have investigated the effect of unisensory training (Alais
and Cass, 2010; Stevenson et al., 2013). Stevenson et al. (2013) have
found that visual temporal order training can improve temporal acuity
across modalities, manifesting as narrowing of the audiovisual TBW.
However, Alais and Cass (2010)’s findings suggest that unisensory (vi-
sual or auditory) learning does not transfer to other sensory modalities.
Only cross-modal TOJ learning could be transferred to visual (but not
auditory) temporal tasks. Taken together, it is unclear whether there is
any transfer effect of unisensory training, but audiovisual-and-visual
transfer, which is found in both studies, does indicate some degree of
sensory interactions and central supramodal timing process (i.e., timing
mechanisms independent of sensory modalities).

Most other studies employ multisensory simultaneity or temporal
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order training. For example, using staircase procedures to maximize the
chance of effective training, both audiovisual SJ (McGovern et al., 2016)
and TOJ (Setti et al., 2014) training with feedback can significantly
narrow the TBW. Similarly, using the method of constant stimulus, the
audiovisual SJ task with feedback successfully improves multisensory
temporal acuity (Cecere et al., 2016; De Niear et al., 2018; Powers et al.,
2016, 2009), the effect of which could last for at least one week (Powers
et al., 2009). However, difficult stimuli with small SOAs (i.e., audiovi-
sual pairs for which it is hard to discriminate between synchrony and
asynchrony) should be employed in the training protocol to optimize the
training effect (Niear et al., 2016). As for the neural correlates of
multisensory perceptual training, the functional connectivity between
the posterior STS (a hub for multisensory integration) and areas of the
auditory and visual cortex has been found to be significantly increased
after training (Powers et al., 2012). Narrowing of the TBW is also
accompanied by enhanced beta-band activity under asynchronous
conditions (Theves et al., 2019). This training effect on beta oscillations
has been shown to exist across distributed cortical areas and persist well
after the onset of auditory stimuli (>400 ms), which suggests that
multisensory learning takes place in a large network involved in asyn-
chrony detection (Theves et al., 2019).

These initial findings suggest the potential of using perceptual
training to improve multisensory temporal precision, but it should be
noted that such effect seems to be modality-specific (Virsu et al., 2008),
and could not be generalized across different levels of stimulus
complexity (De Niear et al., 2018). It also remains inconclusive whether
narrowing of the TBW in a specific task could benefit other sensory tasks
(Schlesinger et al., 2014; Zerr et al., 2019; Powers et al., 2016). More-
over, the modifiability of the TBW shows an asymmetrical pattern, with
the visual-leading side appearing more trainable than the
auditory-leading side (Cecere et al., 2016; Powers et al., 2009).

No study to date has utilized unisensory or multisensory temporal
training in clinical groups with abnormally enlarged TBWs. Given the
feasibility of such perceptual training and its effectiveness in narrowing
the TBW, it may be possible to develop interventions to improve au-
diovisual integration ability in clinical populations such as autism and
schizophrenia. However, some crucial questions concerning the trans-
ferability of such perceptual training effect to other tasks and higher-
order abilities (e.g., social communicative functions) should be
answered first before applying this intervention in clinical settings.

7.2. Musical training

In addition to laboratory-based and short-term perceptual training,
long-term musical training may provide an alternative way to enhance
audiovisual temporal precision. Experience-dependent plasticity in au-
diovisual temporal processing may also apply to bilingual language
experiences, with bilinguals demonstrating a shorter TBW (Bidelman
and Heath, 2019a, 2019b). However, given the scarcity of research in
this field, we only focus on musical training in this review. A series of
studies have converged to show that musicians are more sensitive to
audiovisual asynchrony and have a much smaller TBW compared with
non-musicians (see review, Noppeney and Lee, 2018). Specifically,
Petrini and colleagues were among the first to show a narrowing of the
TBW due to expertise with drums (Petrini et al., 2010, 2009b; 2009a).
Musical practice could help drummers more efficiently detect asyn-
chrony for drumming point-light displays even when the point-lights
were rotated to a less recognizable orientation (Petrini et al., 2010) or
when important information were missing (Petrini et al., 2009b). These
findings indicate the potential of musical training to eliminate the in-
fluence of low-level stimulus properties when integrating multisensory
information. Furthermore, the beneficial effect of musical training has
been found to emerge at a very early age and drumming experience
could effectively heighten young infants’ sensitivity to multimodal
asynchrony (Gerson et al, 2015). Stronger activation in the
temporal-parietal-occipital area during TOJ tasks (Hodges et al., 2005),
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reduced brain activity in the bilateral cerebellum when viewing syn-
chronous displays (Petrini et al., 2011), and more effective connectivity
within the sensorimotor integrative network (i.e., the superior temporal
sulcus-premotor-cerebellar circuitry) to detect asynchronous conditions
(Lee and Noppeney, 2011), may serve as the neural substrates under-
lying musicians’ superior multisensory temporal functions.

As for the generalization effect of musical practice, it remains
inconclusive whether enhanced temporal sensitivity among musicians is
restricted to musical events (Lee and Noppeney, 2011) or could be
generalized to simple flashbeeps (Bidelman, 2016; Jicol et al., 2018) and
naturalistic speech stimuli (Lu et al., 2014). In addition, some evidence
suggests that enhancement of multisensory temporal integration may be
instrument-specific (Bishop and Goebl, 2014). For example, pianists
show significantly better performance for piano stimuli compared with
other musical instruments. Although different types of musical training
seem to have a similar narrowing effect on the TBW, drumming expe-
riences, which emphasize rhythm maintenance and coordination, have a
unique advantage over other melodic training (Jicol et al., 2018). In fact,
synchronizing movement to auditory sequences could substantially
improve timing prediction (Manning and Schutz, 2013). As the training
of percussion instruments involves a lot of auditory-motor integration, it
is not surprising that percussionists show superior movement timing
abilities (perfect synchronization at tapping tasks) and higher sensitivity
in perceptual tasks to detect the timing of rhythmic stimuli (Manning
and Schutz, 2015). This may have important implications for future
interventions where priority should be given to rhythmic trainings as
they may be more relevant to multisensory integration at least in the
temporal domain.

Given its positive effect on social interactions and cognitive devel-
opment in both clinical (e.g., ASD, Kim et al., 2009; LaGasse, 2017;
Sharda et al., 2018) and non-clinical children populations (Miend-
larzewska and Trost, 2014), music may be a potential intervention to
enhance multisensory integration and alleviate social-communicative
symptoms in ASD.

8. Conclusions

This paper systematically reviews studies investigating audiovisual
TBW. We have summarized the neural mechanisms of different cognitive
stages underlying audiovisual temporal integration, indicating a widely
distributed brain network responsible for such a basic multisensory
function. The width of the TBW follows a U-shaped pattern across the
lifespan, which does not mature until late adolescence and rebound in
size again in old age. An enlarged TBW, reflecting impaired multisensory
integration, is found in several neurodevelopmental disorders, and may
also play an important role in neurodegenerative disorders. Such
abnormal audiovisual temporal integration is associated with aberrant
perceptual experiences and compromises social communicative skills.
Given the plasticity of the TBW via modulations by both top-down and
bottom-up factors, and also the potential of perceptual and musical
training to narrow the TBW, future interventional research may have
important implications in clinical populations.
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