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Abstract

The nature of developmental dyslexia has long been a focus of debate among
researchers. Numerous studies have found that individuals with dyslexia exhibit
deficits in audiovisual temporal integration. However, these studies have only
examined the overall performance—namely, average-level performance—of au-
diovisual temporal integration processing in individuals with dyslexia, while ne-
glecting to investigate the dynamic process of integration. Audiovisual temporal
recalibration reflects the dynamic processing of audiovisual temporal integration;
difficulties in recalibrating discrepancies between internal temporal representa-
tions and sensory inputs can impair multisensory integration, and individuals
with dyslexia show deficits in recalibration-related abilities. Therefore, impaired
audiovisual temporal recalibration ability may constitute the fundamental cause
of audiovisual temporal integration deficits in developmental dyslexia. Future
research should further investigate the specific manifestations of audiovisual
temporal recalibration abilities in individuals with developmental dyslexia, as
well as the underlying cognitive and neural mechanisms.
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Abstract

The nature of developmental dyslexia has long been a focus of debate among
researchers. Numerous studies have found that individuals with dyslexia exhibit
deficits in audiovisual temporal integration. However, these studies have only
examined the overall performance of audiovisual temporal integration processing
in dyslexics—that is, performance at the average level—while neglecting to inves-
tigate the dynamic process of integration. Audiovisual temporal recalibration
reflects the dynamic processing of audiovisual temporal integration; difficulty
in recalibrating the discrepancy between internal temporal representations and
sensory inputs leads to impaired multisensory integration, and individuals with
dyslexia show deficits in recalibration-related abilities. Therefore, impaired au-
diovisual temporal recalibration ability may be the fundamental cause of audio-
visual temporal integration deficits in developmental dyslexia. Future research
needs to further examine the specific manifestations of audiovisual temporal
recalibration ability in individuals with developmental dyslexia, as well as the
cognitive and neural mechanisms underlying these manifestations.

Keywords: developmental dyslexia, audiovisual temporal integration, audiovi-
sual temporal recalibration, dynamic processing, Bayesian theory

1 Introduction

The cultivation of reading ability is central to school education, and strong
reading skills are crucial for individual development and the enhancement of
national cultural literacy. However, some individuals exhibit reading abilities
significantly below age-expected levels, a condition known as developmental
dyslexia (DD). This disorder occurs when individuals with normal intelligence,
adequate educational opportunity, and no visual or auditory impairments still
struggle to acquire fluent reading (Casini et al., 2018). Dyslexia has widespread
negative consequences, as children who experience reading failure often develop
behavioral, social, academic, and psychological problems (Anthony & Lonigan,
2004). Therefore, exploring the fundamental nature of DD is a critical and
urgent research topic with major theoretical and practical significance for early
screening and subsequent intervention for individuals with DD.

Reading is a process that integrates information from visual and auditory chan-
nels (Pammer & Vidyasagar, 2005), and the ability to map correspondences
between auditory speech and visual orthographic symbols is closely linked to
reading ability (Ehri, 2005). Temporal factors—such as synchrony, duration,
speed, and rhythmic structure—play important roles in integrating visual and
auditory speech signals (Fujisaki et al., 2004; Van Wassenhove et al., 2007), and
temporal integration forms the foundation of multisensory integration (Lewkow-
icz, 1992, 1994, 1996). Audiovisual temporal integration refers to the process by
which individuals integrate temporally asynchronous audiovisual stimuli into a
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meaningful unified event (Stevenson et al., 2012; Stevenson & Wallace, 2013; 2=
#% et al., 2018). The temporal binding window (TBW; Arrighi et al., 2006),
along with metrics that reflect its size such as synchrony response probability
(e.g., Francisco, Groen et al., 2017) and temporal perception thresholds (e.g.,
just noticeable difference; Mossbridge et al., 2017), can index audiovisual tem-
poral integration ability. Because an appropriate audiovisual TBW is essential
for correctly binding phonemes to characters during reading acquisition, audiovi-
sual temporal integration constitutes a critical component of reading (Gori et al.,
2020). Research has found that individuals with DD show impaired audiovisual
temporal integration, typically manifested as an abnormally widened audiovi-
sual TBW and difficulty disambiguating asynchronous stimuli—they perceive
cross-modal stimuli as simultaneous even when the asynchrony is substantial
(Francisco et al., 2014; Francisco, Jesse et al., 2017; Hairston et al., 2005; Virsu
et al., 2003).

However, existing studies have only examined the overall—or average-level—per-
formance of audiovisual temporal integration processing in individuals with DD
(e.g., Francisco et al., 2014; Francisco, Jesse et al., 2017; Hairston et al., 2005;
Laasonen et al., 2002; Virsu et al., 2003), without investigating the dynamic
process of integration. Audiovisual temporal recalibration, as a process of dy-
namic adaptation to brief temporal delays between visual and auditory inputs,
can capture this dynamic change: when asynchronous audiovisual stimuli are
presented, the brain adjusts its perception of temporal synchrony toward the
asynchrony—that is, toward the channel presented first—thereby facilitating per-
ception as a unified event (Keetels & Vroomen, 2007; Van der Burg et al., 2013).
Temporal recalibration during multisensory integration can also reflect dynamic
changes in the TBW, including three phases: temporal window expansion, sub-
jective simultaneity point (PSS) shift, and temporal window recovery (Navarra
et al., 2005, 2007, 2009). Research on dyslexia has found that, at the behavioral
level, individuals with DD show deficits in phonetic recalibration (Keetels et al.,
2018). At the neural level, individuals with DD exhibit weaker neural adapta-
tion than typical readers (Jaffe-Dax et al., 2018; Perrachione et al., 2016; Peter
et al., 2019), and temporal recalibration is precisely an adaptive capacity for
temporal asynchrony (Noel et al., 2017). Therefore, audiovisual temporal recal-
ibration deficits may represent a more fundamental cognitive-neural mechanism
underlying audiovisual temporal integration deficits in DD. This paper first sys-
tematically reviews research on audiovisual temporal integration deficits in DD.
By analyzing limitations of existing studies and findings from related fields, we
propose that impaired audiovisual temporal recalibration ability may constitute
a more fundamental cognitive-neural mechanism. We then elaborate on the rela-
tionship between audiovisual temporal recalibration and integration, explaining
how recalibration influences integration. Next, we review studies demonstrating
impaired recalibration-related abilities in DD, providing evidence for potential
audiovisual temporal recalibration deficits. Finally, we summarize the paper
and propose directions for future research on audiovisual temporal recalibration
in DD.
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2.1 Behavioral Manifestations of Audiovisual Temporal In-
tegration Deficits in Developmental Dyslexia

Virsu et al. (2003) employed two tasks to investigate the developmental trajec-
tory of audiovisual temporal processing abilities in adults with DD from ages
20 to 59. In a temporal order judgment (TOJ) task, non-speech audiovisual
stimuli were presented at various stimulus onset asynchronies (SOAs), and par-
ticipants judged which modality appeared first. In a temporal processing acuity
(TPA) task, participants judged whether cross-modal audiovisual stimuli were
presented simultaneously. Both tasks used temporal perception thresholds to
index audiovisual temporal integration ability. Results showed that regardless
of age, individuals with DD exhibited significantly higher temporal perception
thresholds than typical readers, and this processing deficit worsened with age
(Virsu et al., 2003). Subsequently, Hairston et al. (2005) used a temporal ventril-
oquism task similar to TOJ tasks to examine the audiovisual temporal integra-
tion window in adults with dyslexia using non-speech stimuli. In this task, each
trial contained two visual and two auditory stimuli. The first visual and audi-
tory stimuli were presented simultaneously. The SOA between the second visual
stimulus and the first visual stimulus was determined by each participant’ s dis-
crimination threshold and held constant. The SOA between the second auditory
stimulus and the second visual stimulus varied randomly from 0 to 350 ms in
50 ms steps. The two visual stimuli appeared above and below a fixation point,
and participants judged the location of the first visual stimulus. Results showed
that in the control group, the facilitative effect of the second auditory stimulus
on visual temporal order judgments disappeared when SOA exceeded 200 ms.
In contrast, the dyslexia group still showed facilitative effects at an SOA of
350 ms, indicating a wider audiovisual TBW in individuals with dyslexia. The
researchers argued that an expanded temporal integration window would im-
pair the ability to quickly and accurately integrate cues from multiple sensory
modalities. Specifically, during reading, the nervous system must appropriately
map representations of visual elements (e.g., letters) onto corresponding audi-
tory elements (e.g., phonemes). An expanded mapping window would lead to
inappropriate correspondences, ultimately resulting in letter-phoneme mapping
errors and decreased decoding speed and accuracy (Hairston et al., 2005).

Unlike previous studies that used only non-speech stimuli, Francisco et al. (2014)
examined audiovisual temporal sensitivity in adults with dyslexia using both
speech and non-speech stimuli. In a non-speech simultaneity judgment (SJ)
task, participants judged whether a clapping action and clapping sound occurred
simultaneously. In a speech-based McGurk synchrony judgment task, partici-
pants judged whether the syllable /apa/ and the visual articulation of /aka/
occurred simultaneously. The TBW, derived by fitting Gaussian functions to
synchrony response probabilities across different SOAs, served as the index of
audiovisual temporal integration ability. Results showed that compared to typi-
cal adults, adults with dyslexia exhibited a wider TBW when integrating speech
audiovisual stimuli, indicating a deficit in audiovisual temporal integration for
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speech stimuli. However, no significant group difference emerged for non-speech
audiovisual stimuli. The researchers suggested that the audiovisual temporal
integration deficit in dyslexia represents a persistent state that continues into
adulthood rather than a temporary developmental lag associated with reading
acquisition. Regarding the lack of group differences for non-speech stimuli, they
proposed two explanations: first, non-speech clapping stimuli may be simpler
than speech stimuli, making synchrony judgments easier for individuals with
dyslexia and thus eliminating group differences. Second, the task used differed
from the temporal ventriloquism task employed by Hairston et al. (2005), which
is based on order judgments. Order judgments focus on stimulus segregation
and are more susceptible to response strategies, making them less accurate re-
flections of integration processing (Francisco et al., 2014).

Building on their 2014 study, Francisco, Jesse et al. (2017) recruited more adults
with dyslexia and added a McGurk identification task, in which participants
judged whether the syllable /apa/ and the visual articulation of /aka/ were per-
ceived as /apa/, /aka/, or the fused syllable /ata/. Results showed that in both
the McGurk synchrony judgment task with speech stimuli and the simultane-
ity judgment task with non-speech stimuli, individuals with dyslexia exhibited
significantly wider audiovisual TBWs than typical readers. This indicated that
they showed audiovisual temporal integration deficits not only for speech stimuli
but also for more general non-speech stimuli. However, in the McGurk identifi-
cation task, no significant difference in TBW emerged between individuals with
dyslexia and typical readers. The researchers suggested that the abnormally
widened TBW in dyslexia not only causes difficulty in learning letter-sound
mappings but also reflects deficits in information sampling—that is, individuals
with dyslexia may need an expanded TBW to compensate for sensory process-
ing deficits. The dissociation between cross-modal speech synchrony judgment
and speech perceptual fusion in dyslexia may relate to task nature and underly-
ing processing mechanisms. Specifically, reading requires consciously mapping
letter-sound correspondences and perceiving their synchrony. In contrast, the
McGurk identification task involves automatic integration of information from
two modalities into a unified percept. Thus, participants make implicit temporal
synchrony judgments in the McGurk task but explicit judgments during read-
ing. The core difficulty in acquiring letter-sound correspondences in dyslexia
may therefore be the inability to make explicit temporal synchrony judgments,
a deficit that the McGurk identification task, which involves implicit synchrony
judgments, cannot detect (Francisco, Jesse et al., 2017).

Francisco, Groen et al. (2017) further expanded their sample and used the same
three tasks to examine how audiovisual temporal sensitivity affects reading.
This study used the mean probability of synchrony or fusion responses at each
SOA as the temporal integration index, with higher response probabilities indi-
cating wider TBWs. Surprisingly, results showed no significant differences be-
tween adults with dyslexia and typical readers across all three tasks. However,
the researchers offered no explanation for these findings, which diverged from
previous results (e.g., Francisco et al., 2014; Francisco, Jesse et al., 2017). In-
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stead, they emphasized that audiovisual temporal sensitivity uniquely explained
variance in reading performance, with more synchrony judgments associated
with greater reading errors (Francisco, Groen et al., 2017). More recently, Wu
Huiduo (2020) recruited Chinese children with DD and conducted a series of au-
diovisual temporal sensitivity studies, finding that children with DD exhibited
wider audiovisual simultaneity windows than typical children in simultaneity
judgment tasks. This indicates that Chinese children with DD show deficits
in audiovisual temporal integration, consistent with findings from alphabetic
writing systems.

Taken together, behavioral research demonstrates that individuals with dyslexia
show weaker audiovisual temporal integration abilities than typical readers, a
phenomenon that appears consistent across languages, ages, and stimulus types.
Researchers have attempted to explain inconsistent findings by appealing to
differences in experimental materials and task properties (e.g., Francisco et al.,
2014; Francisco, Groen et al., 2017; Francisco, Jesse et al., 2017; Laasonen et
al., 2002). For example, non-speech stimuli may be simpler and easier to judge
than speech stimuli, thereby eliminating group differences (e.g., Francisco et
al., 2014), and implicit temporal synchrony judgment tasks (McGurk identifica-
tion) may fail to detect audiovisual temporal integration deficits (e.g., Francisco,
Jesse et al., 2017). However, existing evidence does not fully support these ex-
planations. Specifically, although the aforementioned studies found no signifi-
cant differences in TBW between individuals with dyslexia and typical readers
in McGurk identification tasks (e.g., Francisco, Groen et al., 2017; Francisco,
Jesse et al., 2017), Woynaroski et al. (2013) successfully detected audiovisual
temporal integration deficits using McGurk identification tasks. This indicates
that task differences are not the essential cause of discrepant findings. More-
over, these explanations cannot account for why different results emerge using
identical materials and tasks (e.g., Francisco, Groen et al., 2017 vs. Francisco,
Jesse et al., 2017; Hairston et al., 2005 vs. Laasonen et al., 2002). These con-
troversies suggest that key factors influencing audiovisual temporal integration
deficits in DD remain unidentified. Previous research has found that normal
average-level multisensory integration performance can mask underlying deficits
in integration processing (e.g., Noel et al., 2017; Zaidel et al., 2015). Further-
more, temporal recalibration indices that reflect integration processing are more
sensitive than global measures like TBW in detecting differences in audiovisual
temporal integration ability (e.g., Noel et al., 2017). These findings suggest that
regardless of whether individuals with DD show deficits in average-level audio-
visual temporal integration, they may exhibit deficits in audiovisual temporal
recalibration that reflects the integration process. We will further discuss this
issue in Section 2.3.
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2.2 Neural Manifestations of Audiovisual Temporal Inte-
gration Deficits in Developmental Dyslexia

Froyen et al. (2011) used EEG to examine cross-modal processing of letter-
speech sound associations in children with dyslexia, using mismatch negativity
(MMN) as the index. Visual stimuli were the letter “a,”auditory standard stimuli
were the phoneme “/a/” (85%), and auditory deviant stimuli were the phoneme
“/o/” (156%). In the auditory unimodal condition, only auditory standard and
deviant stimuli were presented. In the cross-modal audiovisual condition, stim-
uli were presented in two ways: simultaneously or with the visual stimulus
preceding the auditory stimulus by 200 ms. Using a passive task, participants
responded to randomly presented probe stimuli at the center of the screen to
maintain attention. Results showed that typical children exhibited significantly
larger MMN amplitudes in the asynchronous audiovisual condition than in the
auditory unimodal condition, whereas children with dyslexia showed no sig-
nificant difference between these conditions, indicating difficulty automatically
integrating letters and speech sounds (Froyen et al., 2011). Using a similar
paradigm, Mittag et al. (2013) found that typical adults showed significantly
larger MMN amplitudes in the synchronous than in the asynchronous audio-
visual condition, whereas adults with dyslexia showed no significant difference
between conditions, suggesting that audiovisual temporal integration deficits in
DD persist into adulthood.

fMRI studies have identified brain regions involved in audiovisual temporal in-
tegration, including bilateral frontoparietal networks, superior temporal cortex
(STC), and visual and auditory cortices (e.g., Adhikari et al., 2013; Binder, 2015;
Dhamala et al., 2007; Noesselt et al., 2007). Following cross-modal temporal
synchrony training, resting-state functional connectivity between the posterior
superior temporal sulcus (pSTS) and visual and auditory cortices is significantly
enhanced (Powers et al., 2012). However, existing fMRI research on dyslexia has
focused on integration of simultaneous orthographic-phonological stimuli (e.g.,
Blau et al., 2009, 2010; Riisseler et al., 2018) rather than temporal integration
ability. Nevertheless, a review (Stevenson et al., 2016) noted that groups who
commonly show audiovisual temporal integration deficits (e.g., autism spectrum
disorder, ASD) also exhibit neural deficits in multisensory temporal integration
localized to the pSTS. Therefore, audiovisual temporal integration deficits may
be associated with abnormal activation in visual, auditory, and temporal cor-
tices.

2.3 Limitations of Current Research on Audiovisual Tem-
poral Integration in Developmental Dyslexia

Research indicates that the audiovisual TBW is not fixed during integration
processing but changes dynamically, including three phases: temporal window
expansion, subjective simultaneity point shift, and temporal window recovery—
collectively known as temporal recalibration (Navarra et al., 2005, 2007, 2009).
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This expansion and contraction of the temporal window depends on the influence
of prior sensory experience (Powers et al., 2009), and temporal recalibration can
occur within a short timeframe (e.g., a single trial), known as rapid temporal
recalibration (Van der Burg et al., 2013). However, current behavioral research
on audiovisual temporal integration in DD has calculated TBW and related
indices based on mean performance across all trials under different experimental
conditions (e.g., Francisco et al., 2014; Francisco, Jesse et al., 2017; Hairston
et al., 2005; Laasonen et al., 2002; Virsu et al., 2003), and neural research has
compared overall averaged brain activation across conditions (e.g., Froyen et
al., 2011; Mittag et al., 2013). These approaches can only examine overall—
or average-level—performance of audiovisual temporal integration processing in
DD and cannot probe the dynamic changes in integration processing.

De Niear et al. (2017) found that in typical individuals, the TBW narrows sig-
nificantly as an experiment progresses. This progressive narrowing of the TBW
during audiovisual temporal integration has been confirmed by numerous train-
ing studies. After a single session of feedback-based audiovisual simultaneity
judgment training, individuals show significant TBW narrowing, demonstrating
the plasticity of TBW during audiovisual temporal integration (e.g., Powers et
al., 2009, 2012; Theves et al., 2020). Additionally, Noel et al. (2016) noted that
rapid temporal recalibration is intrinsically linked to audiovisual temporal inte-
gration and can influence the formation of temporal integration representations
(the integration window). Therefore, the essence of the abnormally widened
audiovisual integration window in DD observed in previous research may be
difficulty reshaping TBW size through rapid temporal recalibration during inte-
gration processing—that is, a deficit in rapid audiovisual temporal recalibration.

Furthermore, research has shown that even when individuals exhibit intact mul-
tisensory integration performance at the average level, the integration process
itself may be abnormal. Zaidel et al. (2015) examined multisensory integration
of visual and vestibular cues in individuals with ASD. In a dark environment,
participants stood on a platform moving at different angles toward the left or
right front, while visual stimuli consisted of randomly moving light dots (pure
noise). Participants judged whether they were moving toward the left or right
front. The experiment comprised four similar blocks to assess multisensory inte-
gration ability at different stages. When integration performance across all four
blocks was treated as a whole and average-level performance was compared,
individuals with ASD showed no significant difference in integration thresh-
olds compared to typical individuals, suggesting intact multisensory integration
ability. However, when the four blocks were compared separately, individu-
als with ASD showed better integration performance than typical individuals
in the initial stage. Typical individuals demonstrated significant learning ef-
fects as the experiment progressed, achieving optimal integration in the fourth
block, whereas individuals with ASD showed no significant change in integra-
tion performance over time. Further analysis revealed that typical individuals
progressively reduced the weighting of visual channel information, whereas in-
dividuals with ASD did not show this pattern. The researchers concluded that
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multisensory integration deficits in ASD stem from attenuated prior knowledge,
leading to a tendency to perceive the world based primarily on current sensory
input rather than in the context of past sensory experience. Because the visual
stimuli were pure noise, individuals with ASD better perceived and integrated
current stimuli during the initial stage, whereas prior sensory experience in-
terfered with integration processing in typical individuals. As the experiment
progressed, typical individuals flexibly calibrated their multisensory integration
based on accumulated experience, whereas the processing strategy of individu-
als with ASD remained static and difficult to adjust flexibly according to prior
sensory experience (Zaidel et al., 2015). Similarly, Noel et al. (2017) used a si-
multaneity judgment task to examine rapid audiovisual temporal recalibration
in individuals with ASD. Although individuals with ASD showed no significant
difference in TBW compared to typical individuals when integrating non-speech
stimuli, the shift in subjective simultaneity point (APSS), which reflects rapid
audiovisual temporal recalibration ability, was significantly smaller than in typ-
ical individuals, indicating a rapid audiovisual temporal recalibration deficit
in ASD (Noel et al., 2017). These findings demonstrate that normal average-
level multisensory integration performance can mask recalibration deficits in
the integration process. Although this evidence comes from individuals with
ASD, both ASD and DD are neurodevelopmental disorders, and individuals
with ASD also show reading impairments (e.g., O’ Connor & Klein, 2004; Patti
& Lupinetti, 1993). In Noel et al.’” s (2017) study, individuals with ASD also
scored significantly lower than typical individuals on vocabulary tests related
to reading. Moreover, the behavioral manifestations and neural bases of audio-
visual temporal integration deficits in ASD share many similarities with those
in DD (for review, see Zhou, Cheung, & Chan, 2020). Therefore, findings from
ASD research can inform DD research. Additionally, a recent study on typical
populations found that although adolescents and adults showed no difference
in TBW size, which reflects average-level audiovisual temporal integration, ado-
lescents exhibited weaker rapid audiovisual temporal recalibration ability than
adults (Zhou, Shi et al., 2020). In summary, these findings indicate that: (1)
normal overall multisensory integration performance, or normal average-level
performance, can mask deficits in the integration process; and (2) temporal re-
calibration indices that reflect integration processing are more sensitive than
global measures like TBW in detecting differences in audiovisual temporal inte-
gration ability. This provides a plausible explanation for previous studies that
failed to find abnormally widened TBW in individuals with DD at the average
level (e.g., Francisco et al., 2014; Francisco, Groen et al., 2017; Francisco, Jesse
et al., 2017; Laasonen et al., 2002)—namely, that normal TBW indices in indi-
viduals with DD may mask deficits in rapid audiovisual temporal recalibration
that reflect impaired processing.
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3 The Relationship Between Audiovisual Temporal Recal-
ibration and Audiovisual Temporal Integration

A necessary condition for multisensory integration is that cross-modal paired
stimuli maintain temporal synchrony (Meredith et al., 1987; R¥ &, &%k, 2011).
Superficially, it might appear that only cross-modal information presented simul-
taneously can elicit multisensory integration. However, physical transmission
speeds differ between visual and auditory stimuli (e.g., light travels much faster
than sound in air), preventing simultaneous arrival at sensory organs; moreover,
neural conduction is faster for auditory than visual stimuli (Vroomen & Keetels,
2010). Consequently, even simultaneously presented audiovisual stimuli are sub-
ject to temporal delays at the sensory level. To address this issue, multisensory
temporal processing has evolved to be highly dynamic, allowing adaptive adjust-
ment to different sensory inputs (for a review, see Vroomen & Keetels, 2010).
Specifically, audiovisual temporal processing flexibly changes based on prior
sensory experience. When individuals are exposed to asynchronous audiovisual
environments, the subjective simultaneity point shifts toward the modality pre-
sented first, thereby reducing perceived asynchrony (Fujisaki et al., 2004). This
process is known as audiovisual temporal recalibration (e.g., Van der Burg et al.,
2015), commonly indexed by the shift in subjective simultaneity point between
visual-leading and auditory-leading conditions (e.g., Harvey et al., 2014; Noel
et al., 2017) and changes in TBW (e.g., De Niear et al., 2017; Noel et al., 2016;
Zhou, Shi et al., 2020). Its function is to reduce the impact of inter-stimulus
delays on multisensory integration through temporal recalibration, reflecting
the temporal plasticity of multisensory integration (Yu et al., 2009). The ul-
timate effect is to re-perceive temporally asynchronous cross-modal stimuli as
simultaneous—that is, to reshape simultaneity perception (R#&E, #&%E, 2011).
Moreover, rapid audiovisual temporal recalibration, as a form of short-term
plasticity representing the capacity to adapt quickly to environmental changes,
plays an important role in audiovisual temporal integration (Noel et al., 2017).
Research has found significant correlations between individuals’ rapid audiovi-
sual temporal recalibration ability and their audiovisual temporal integration
ability (Harvey et al., 2014; Van der Burg et al., 2013). A cross-sectional study
(Noel et al., 2016) revealed that individuals’ temporal integration abilities for
both speech and non-speech audiovisual stimuli were significantly correlated
with their corresponding rapid temporal recalibration abilities, and that rapid
audiovisual temporal recalibration ability matures earlier than audiovisual tem-
poral integration ability. The researchers proposed that because audiovisual
temporal recalibration and integration abilities are intrinsically linked, rapid
audiovisual temporal recalibration—a dynamic processing mechanism—can influ-
ence the formation of more stable temporal integration representations (Noel et
al., 2016).

The influence of multisensory recalibration on multisensory integration can also
be explained by Bayesian theory. A study published in Nature (Ernst & Banks,
2002) found that predictions from a Bayesian model using individuals’ unimodal
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visual or haptic height estimates closely matched their performance in visuo-
haptic integration experiments, suggesting that human cross-modal informa-
tion integration follows optimal Bayesian statistical principles (Ernst & Banks,
2002). Within the Bayesian framework, the brain estimates the reliability of
information from different modalities by perceiving relationships between them,
then uses these prior expectations to compare with current sensory inputs and
adjusts the weighting of each modality during multisensory integration to opti-
mize decision-making (Figure 1 [Figure 1: see original paper]; Ernst & Biilthoff,
2004). Temporal recalibration can be viewed as a dynamic processing mecha-
nism that adapts to temporal asynchrony between cross-modal stimuli, allowing
individuals to re-establish stable prior knowledge about temporal relationships
in dynamic contexts, which in turn influences subsequent multisensory integra-
tion under different temporal relationships (Noel et al., 2016; Sato & Aihara,
2011; |#E et al., 2012). Specifically, established prior knowledge generates
top-down predictions, and the discrepancy between these internally generated
predictions and current sensory inputs can be minimized through recalibration,
thereby optimizing integration (Noel et al., 2017). Regarding how abnormal
recalibration processing impairs multisensory integration, a review by Pellicano
and Burr (2012) proposed that attenuated prior knowledge leads to a tendency
to perceive the world based primarily on currently incoming sensory informa-
tion rather than in the context of past sensory experience. This may explain
abnormal performance in special populations (e.g., ASD) during multisensory
integration processing. Specifically, impaired multisensory recalibration ability
weakens representations of prior knowledge. This attenuation of prior knowledge
assigns greater weight to currently incoming sensory cues, making individuals
more reliant on current sensory information for judgments. Meanwhile, with-
out sufficient sensory references for comparison, individuals become less able to
recalibrate discrepancies between internal representations and sensory inputs,
further impairing multisensory integration processing (Noel et al., 2017). In
summary, individuals with impaired audiovisual temporal recalibration ability
may have difficulty calibrating discrepancies between existing internal represen-
tations and current sensory inputs regarding cross-modal temporal relationships
during dynamic audiovisual temporal integration processing, thereby affecting
the formation of a stable TBW. Because an abnormal audiovisual TBW impairs
the brain’s ability to integrate visual and auditory stimuli, blurring letter-speech
sound pairings and consequently affecting reading, rapid audiovisual temporal
recalibration deficits may represent a more fundamental cognitive-neural mech-
anism underlying audiovisual temporal integration deficits in DD.

Figure 1. Sensory-action loop within the Bayesian framework (adapted from
Ernst & Biilthoff, 2004).
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4 Studies on Recalibration-Related Abilities in Develop-
mental Dyslexia

No study has directly examined audiovisual temporal recalibration ability in
individuals with DD, but previous research on recalibration-related abilities can
provide evidence for potential deficits. At the behavioral level, studies have
found phonetic recalibration deficits in individuals with DD. Keetels et al. (2018)
recruited adults with dyslexia to examine their phonetic recalibration ability.
The researchers created a nine-item continuum (A1-A9) by manipulating the
second formant of consonant syllables /aba/ and /ada/. Visual stimuli were
three letters: “aba” (Vb) or “ada” (Vd). The experiment first presented eight
consecutive letter-sound combinations (e.g., VbA1), followed by three ambigu-
ous sounds (A4, A5, A6) each presented twice, and participants judged whether
each sound was closer to /aba/ or /ada/. Results showed that after exposure
to ambiguous letter-sound combinations (e.g., VbA5 or VdA5), the dyslexia
group showed significantly weaker recalibration than the control group. When
consonant syllables were replaced with vowel syllables, the dyslexia group again
showed significantly weaker recalibration. These findings indicate that individu-
als with dyslexia exhibit phonetic recalibration deficits at the speech level, which
may cause difficulties in learning and applying letter-sound associations (Keetels
et al., 2018). Recently, Ozernov-Palchik et al. (2021) used a similar paradigm
and found that this phonetic adaptation ability was significantly weaker in both
children and adults with DD compared to age-matched typical individuals. Be-
cause temporal processing forms the perceptual foundation of speech processing
(Kotz & Schwartze, 2010) and abnormal cross-modal temporal processing inter-
feres with building letter-speech sound pairings (Francisco et al., 2014; Froyen et
al., 2008; Wallace & Stevenson, 2014; Zhou, Cheung, & Chan, 2020), findings on
phonetic recalibration deficits in DD can indirectly support the existence of au-
diovisual temporal recalibration deficits in this population. Additionally, Gori
et al. (2020) used a temporal bisection task to examine temporal representations
of multisensory stimuli in children with DD. Each trial contained three pairs of
audiovisual stimuli presented sequentially at different SOAs, and participants
judged whether the second pair was temporally closer to the first or third pair.
Results showed that children with dyslexia exhibited significant deviations from
Bayesian model predictions when the second pair was visual-leading, and these
deviations were greater than in typical children (Gori et al., 2020). This reflects
that individuals with dyslexia cannot integrate cross-modal audiovisual tempo-
ral information according to optimal Bayesian statistical principles. Based on
the Bayesian prior attenuation theory (e.g., Noel et al., 2017; Pellicano & Burr,
2012), we can speculate that this may result from difficulty recalibrating discrep-
ancies between internal temporal representations and sensory inputs, leading to
impaired audiovisual temporal integration.

At the neural level, research has found that even when identical audiovisual
stimuli are repeatedly presented, individuals with dyslexia show persistently
high brain activation levels, a phenomenon observed during processing of both
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speech and non-speech audiovisual stimuli (Perrachione et al., 2016). The re-
searchers interpreted this as reduced rapid neural adaptation to cross-modal
audiovisual stimuli in dyslexia (Perrachione et al., 2016). A subsequent study
by Jaffe-Dax et al. (2018) found that brain regions associated with reduced rapid
adaptation in DD are located in the left superior temporal cortex, including au-
ditory cortex—areas that correspond to those involved in audiovisual temporal
integration (e.g., Dhamala et al., 2007; Noesselt et al., 2007). Because individu-
als with DD show weaker rapid neural adaptation than typical readers and rapid
temporal recalibration represents rapid adaptation to temporal asynchrony, this
suggests that rapid audiovisual temporal recalibration ability may be impaired
in individuals with DD.

5 Summary and Outlook

In summary, previous research has demonstrated that individuals with dyslexia
show weaker audiovisual temporal integration abilities than typical readers at
both behavioral and neural levels. This phenomenon appears consistent across
languages, ages, and stimulus types, representing a pervasive impairment that
supports the existence of audiovisual temporal integration deficits in DD. How-
ever, current behavioral research on audiovisual temporal integration deficits
in DD has calculated TBW and related indices based on mean performance
across all trials under different experimental conditions, and neural research
has compared overall averaged brain activation across conditions. These ap-
proaches can only examine overall—or average-level—performance of audiovisual
temporal integration processing and cannot investigate the dynamic process of
integration, making it difficult to reveal the essence of audiovisual temporal in-
tegration deficits in DD. Research on audiovisual temporal recalibration, which
reflects the integration process, can address this limitation. Temporal recalibra-
tion reflects the dynamic process of adapting to different asynchronies—that is,
it influences subsequent multisensory integration by re-establishing stable prior
knowledge about temporal relationships. Impaired multisensory recalibration
ability weakens representations of prior knowledge. According to the Bayesian
prior attenuation theory, attenuated prior knowledge leaves individuals without
sufficient sensory references to compare with current inputs, making it difficult
to recalibrate discrepancies between internal representations and sensory inputs
and thereby impairing multisensory integration. Furthermore, research in other
domains has found that normal average-level audiovisual temporal integration
performance can mask rapid audiovisual temporal recalibration deficits that re-
flect abnormal integration processing. Therefore, more fundamental deficits in
audiovisual temporal recalibration ability may underlie audiovisual temporal
integration deficits in DD. Currently, no study has directly explored audiovi-
sual temporal recalibration ability in individuals with DD. Future research can
proceed in the following directions.
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5.1 Manifestations of Audiovisual Temporal Recalibration Ability
Across Different Timescales in Developmental Dyslexia

Van der Burg et al. (2015) investigated whether long-term adaptation-induced
audiovisual temporal recalibration and rapid audiovisual temporal recalibra-
tion represent shared or independent processes. The experiment first presented
participants with audiovisual stimuli at a fixed asynchrony for 3 minutes (adap-
tation phase), after which participants completed an audiovisual simultaneity
judgment task (test phase). Results showed that in the test phase, the channel
order of audiovisual stimuli in the preceding trial caused a significant shift in the
subjective simultaneity point of the current trial, indicating rapid audiovisual
temporal recalibration. However, this shift did not change significantly over
time, suggesting that rapid audiovisual temporal recalibration effects remained
constant throughout the test phase. For long-term adaptation-induced recal-
ibration, the shift in subjective simultaneity point changed significantly over
time, with recalibration effects gradually decaying. These results demonstrate
that audiovisual temporal recalibration is influenced by both the channel order
of audiovisual stimuli in the preceding trial of the test phase and the chan-
nel order during the adaptation phase, and that long-term adaptation-induced
and rapid audiovisual temporal recalibration are independent processes (Van
der Burg et al., 2015). To date, only studies examining rapid audiovisual tem-
poral recalibration in ASD exist. Research by Turi et al. (2016) and Noel et
al. (2017) found that individuals with ASD cannot perform rapid temporal re-
calibration for simple, non-speech audiovisual asynchronous stimuli. Future re-
search should examine audiovisual temporal recalibration ability across different
timescales in individuals with DD. Based on the above findings, we hypothesize
that individuals with DD exhibit audiovisual temporal recalibration deficits at
both timescales, showing reduced influence of long-term adaptation contexts
and preceding trial channel order on audiovisual temporal integration, with sig-
nificantly smaller shifts in subjective simultaneity point and/or changes in TBW
compared to typical readers.

5.2 Dynamic Changes in Audiovisual Temporal Integration Window
and Recalibration Effects in Developmental Dyslexia

The audiovisual temporal integration window changes dynamically during inte-
gration processing (Navarra et al., 2005, 2007, 2009). Research on ASD, which
also exhibits audiovisual temporal integration deficits, has found that individu-
als with ASD perform well in the initial stage of multisensory integration tasks.
However, over time, they have difficulty adjusting multisensory integration pro-
cessing based on prior sensory experience, leading to poorer integration per-
formance in later stages compared to typical populations (Zaidel et al., 2015).
Previous findings that individuals with dyslexia show no difference in average
TBW size from typical readers may be because good initial integration perfor-
mance masks deficits in subsequent processing stages. Future research could
adopt the sliding window method used by Van der Burg et al. (2015) and De
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Niear et al. (2017) to fit Gaussian curves trial-by-trial, obtaining TBW and
subjective simultaneity point shifts that change continuously throughout the
experiment, thereby examining the temporal dynamics of audiovisual temporal
integration window and recalibration effects in individuals with DD. Based on
existing findings, we hypothesize that: (1) In the initial experimental stage,
TBW width in individuals with DD will not differ significantly from, or may
even be narrower than, that of typical readers; as the experiment progresses,
TBW width in individuals with DD will gradually exceed that of typical read-
ers. (2) For long-term adaptation-induced recalibration effects, recalibration in
individuals with DD will decay more rapidly over time compared to typical read-
ers. (3) For rapid audiovisual temporal recalibration effects, neither individuals
with DD nor typical readers will show significant changes over time, but rapid
recalibration effects will remain at lower levels in individuals with DD.

5.3 Neural Basis of Audiovisual Temporal Recalibration Deficits in
Developmental Dyslexia

Simon et al. (2017, 2018) examined the neural basis of rapid audiovisual tem-
poral recalibration over time using simultaneity judgment tasks with speech or
non-speech stimuli. They found that event-related potentials (ERPs) in the
current trial were modulated by the channel order of audiovisual stimuli in the
preceding trial. Specifically: (1) When the SOA between visual and auditory
stimuli was small (e.g., 300 ms), ERP amplitudes around 125 ms after the sec-
ond stimulus in the current trial, recorded from central and parietal regions,
were influenced by the channel order of the preceding trial, with significantly
lower amplitudes for channel-consistent than channel-inconsistent conditions.
This suggests that recalibration of stimuli with short asynchronies can occur
in high-level cognitive processes related to stimulus evaluation and decision-
making (Simon et al., 2017). (2) When the SOA between visual and auditory
stimuli was large (e.g., 450 ms), ERP amplitudes around 300 ms after the first
stimulus in the current trial were similarly influenced by the channel order of
the preceding trial, with significantly lower amplitudes for channel-consistent
than channel-inconsistent conditions. This indicates that when the SOA is suffi-
ciently large, neural adaptation can also occur in early sensory processing before
the second stimulus appears (Simon et al., 2018). However, because individuals
with DD lack rapid neural adaptation ability (e.g., Jaffe-Dax et al., 2018; Perra-
chione et al., 2016; Peter et al., 2019), experimental materials used in traditional
simultaneity judgment tasks cannot be directly applied to dyslexia research. Re-
peated presentation of identical stimuli cannot determine whether results reflect
rapid audiovisual temporal recalibration deficits or simply deficits in adapting
to repeated stimuli. Research has found that rapid audiovisual temporal re-
calibration is primarily driven by fundamental temporal factors—it occurs even
when audiovisual stimuli differ between trials or when sources are mismatched
(e.g., a female face paired with a male voice; Van der Burg & Goodbourn, 2015).
Therefore, future research on DD could use different audiovisual stimulus com-
binations to control for deficits in adapting to repeated stimuli. We hypothesize
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that ERP amplitudes evoked by current trials in individuals with DD will be
less influenced by the channel order of audiovisual stimuli in preceding trials,
reflecting rapid audiovisual temporal recalibration deficits. Furthermore, brain
structural and functional research has found that the medial parietal cortex
serves as a neural hub that maintains modality-specific sensory representations
and flexibly links past and current information to guide adaptive behaviors
like audiovisual recalibration (Park & Kayser, 2019). Additionally, audiovisual
cross-modal phonetic recalibration is accompanied by significant activation in
temporal cortex, parietal cortex, insula, and motor regions (Ullas et al., 2020).
Therefore, the neural basis of audiovisual temporal recalibration deficits in DD
may involve structural and functional impairments in these brain regions.

5.4 Relationship Between Audiovisual Temporal Recalibration Ability
and Reading in Developmental Dyslexia

Research has found significant correlations between audiovisual temporal re-
calibration ability and audiovisual temporal integration ability (Harvey et al.,
2014; Noel et al., 2016; Van der Burg et al., 2013). Furthermore, typical read-
ers’ audiovisual temporal integration ability can influence reading through rapid
naming and orthographic skills (Liu et al., 2019), suggesting that audiovisual
temporal recalibration ability may also indirectly affect reading through these
reading-related cognitive skills. A key causal factor in dyslexia is poor abil-
ity to sequence letters and their sounds, leading to slower letter recognition
(Vidyasagar & Pammer, 2010), and this rapid temporal processing deficit also
impairs letter position and overall orthographic perception, causing problems in
learning grapheme-phoneme correspondences (Hood & Conlon, 2004). Tempo-
ral recalibration can continuously form new prior knowledge by receiving new
temporal relationships (e.g., delays between audiovisual stimuli), which in turn
influences subsequent temporal order perception (Sato & Aihara, 2011). More-
over, the initial expansion of TBW during temporal recalibration reflects the
brain’ s ability to reduce discomfort from sequentially presented sensory stimuli
by lowering temporal order judgment resolution, thereby facilitating integrated
perception and memory (R#E, &%, 2011). Therefore, if individuals with
DD have deficits in audiovisual temporal recalibration ability, this would affect
their rapid temporal processing and audiovisual integration abilities, leading to
difficulties in phonological processing, rapid naming, orthographic processing,
and ultimately reading impairment. In summary, examining the relationship
between audiovisual temporal recalibration ability and reading in DD will help
us better understand the fundamental nature of dyslexia.

5.5 Causal Relationship Between Developmental Dyslexia and Audio-
visual Temporal Recalibration Deficits

If individuals with DD exhibit deficits in audiovisual temporal recalibration
ability, does this deficit cause DD, or does it result from failure to acquire
reading and low reading proficiency? Liu et al. (2019) found that audiovisual
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cross-modal temporal integration ability influences reading through different
pathways in individuals with dyslexia versus typical readers: in typical read-
ers, audiovisual cross-modal temporal integration influences reading through
rapid naming and orthographic skills, whereas this pathway does not exist in
individuals with dyslexia (Liu et al., 2019). However, data-driven path anal-
ysis alone cannot establish causality. The most convincing method to demon-
strate that audiovisual temporal recalibration deficits cause dyslexia would be
to show that interventions improving rapid audiovisual temporal recalibration
ability also enhance reading ability. Notably, De Niear et al. (2017) used a
simultaneity judgment task to explore the role of feedback signals in rapid au-
diovisual temporal recalibration. They found that participants showed stronger
rapid audiovisual temporal recalibration when receiving feedback compared to
no-feedback conditions, indicating that feedback signals maintain and facilitate
rapid audiovisual temporal recalibration during rapid trial-to-trial learning (De
Niear et al., 2017). Therefore, using feedback-based audiovisual simultaneity
judgment tasks as training programs may be an effective method for improving
audiovisual temporal recalibration ability. We can hypothesize that populations
with audiovisual temporal recalibration deficits would benefit from feedback-
based audiovisual temporal recalibration training, with potential for improving
higher-level cognitive functions such as reading. Thus, applying audiovisual
temporal recalibration training to individuals with DD could help clarify the
causal relationship between audiovisual temporal recalibration deficits and DD
while potentially developing an intervention for dyslexia.
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