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a b s t r a c t
Recent neurobiological accounts of schizophrenia have included an emphasis on changes in sensory processing.
These sensory and perceptual deﬁcits can have a cascading effect onto higher-level cognitive processes and clinical symptoms. One form of sensory dysfunction that has been consistently observed in schizophrenia is altered
temporal processing. In this study, we investigated temporal processing within and across the auditory and visual
modalities in individuals with schizophrenia (SCZ) and age-matched healthy controls. Individuals with SCZ
showed auditory and visual temporal processing abnormalities, as well as multisensory temporal processing dysfunction that extended beyond that attributable to unisensory processing dysfunction. Most importantly, these
multisensory temporal deﬁcits were associated with the severity of hallucinations. This link between atypical
multisensory temporal perception and clinical symptomatology suggests that clinical symptoms of schizophrenia
may be at least partly a result of cascading effects from (multi)sensory disturbances. These results are discussed
in terms of underlying neural bases and the possible implications for remediation.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Hallucinations are a positive symptom in schizophrenia (SCZ) that
can present as false perceptions in any sensory modality, but commonly
take the form of perceived auditory voices. They are often conceptualized as false attribution of internal voices to an external source. As
such, hallucinations in SCZ are frequently linked to the audiovisual
speech-perception network, including areas of superior temporal and
inferior frontal (i.e., Broca's) cortex (Jardri et al., 2011). One cognitive
operation of this network is the integration of information across the
auditory and visual systems, forming coherent percepts that comprise
our conscious experience (Stevenson et al., 2014a). Speech is a powerful
example of audiovisual integration, though integration extends to all
manner of sensory inputs: we seamlessly bind together audible speech
signals with their associated visual cues, affording substantial
⁎ Corresponding author at: The University of Western Ontario, Department of
Psychology, London, ON, Canada.
E-mail address: Rsteve28@uwo.ca (R.A. Stevenson).

behavioral and perceptual beneﬁts, ranging from faster response times
(Raab, 1962) to improved speech perception (Sumby and Pollack,
1954) in healthy participants but not as much in SCZ patients. For example, seeing a speaker's visual articulation enhances speech perception
under noisy conditions in healthy participants but less so in SCZ patients
(Ross et al., 2007). Similarly, SCZ patients are less susceptible to the
McGurk effect (Pearl et al., 2009), where the mouth movements an individual sees can alter what they believe to “hear” a speaker to be saying
(McGurk and MacDonald, 1976), despite preserved unisensory abilities
(Ross et al., 2007).
Impaired sensory integration is a hallmark neurological “soft sign” of
SCZ (Heinrichs and Buchanan, 1988) that is often noted at the time of an
individual's ﬁrst psychotic episode and is correlated with SCZ symptomatology (Williams et al., 2010). Most germane to this report is the possible link between alterations in sensory integration and positive
symptoms in SCZ, most notably hallucinations (Postmes et al., 2014).
Exploring an integration-hallucination link is motivated by the overlap
in the neural substrates for audiovisual integration and hallucinations,
speciﬁcally in regions of the audiovisual speech-perception network.
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For example, SCZ is associated with structural (Kim et al., 2003) and
functional changes within the superior temporal cortex (Surguladze et
al., 2001; Szycik et al., 2009). This same area of cortex is heavily implicated in multisensory temporal processing (Stevenson et al., 2010). Furthermore, individuals with SCZ exhibit alterations in temporal
processing (Carroll et al., 2008; Davalos et al., 2002; Elvevag et al.,
2003; Foucher et al., 2007; Freedman, 1974; Giersch et al., 2009;
Lalanne et al., 2012; Tysk, 1983a,b; Volz et al., 2001), and impaired audiovisual temporal precision in SCZ has been linked to inaccurately attributing auditory components of speech to temporally disparate
visual speech signals (Martin et al., 2013).
Given the relationship between temporal processing and sensory integration (Stevenson et al., 2012b), and links between sensory integration and hallucination in SCZ, we hypothesize that impaired temporal
perception in SCZ may be associated with hallucinations in SCZ. To investigate this, we ﬁrst measured auditory, visual, and multisensory temporal
perception in SCZ patients and a group of matched controls, verifying the
presence of temporal dysfunction in SCZ and assessing if temporal-perception deﬁcits were uniquely multisensory. Second, and of paramount
importance, we measured the severity of hallucinations in SCZ participants with the a priori prediction that changes in multisensory temporal
processing would be predictive of hallucinations. This ﬁnding would
point to shared mechanistic substrates for changes in audiovisual temporal integration and the presence and severity of hallucinations.
2. Methods and materials
2.1. Overview
Participants completed four behavioral tasks: two unisensory timing
tasks in which participants performed temporal order judgments (TOJ;
“Which came ﬁrst?”) with either auditory or visual stimuli, and two audiovisual timing tasks in which participants performed audiovisual simultaneity judgments (SJ; “Same time or different time?”), one with
speech stimuli and one with simple ﬂash-beep stimuli. Finally, participants completed standard metrics assessing SCZ symptomatology. Protocols were approved by Vanderbilt University Institutional Review
Board and participants gave written informed consent to participate in
the study.

auditory beeps within each pair were separated by SOAs of 10, 20, 35,
50, 75, 100, 150, 200, and 250 ms. Twenty trials at each SOA were
presented.
For the unisensory visual timing task, participants were presented
with two white circles on a black background, one above and one
below a ﬁxation cross (duration = 10 ms) and performed a TOJ task. Individual unisensory-visual ﬂashes within each pair were separated by
SOAs of 10, 20, 30, 40, 60, 80, 100, and 150 ms. Twenty trials at each
SOA were presented.
Temporal order judgment tasks were used with unisensory tasks as
opposed to the SJ tasks used with multisensory stimuli based on previously collected data. When an SJ tasks was used with unisensory stimuli,
most participants were near ceiling performance at detecting asynchronies even at the shortest SOAs.
2.3.2. Audiovisual timing tasks
In the audiovisual tasks, participants were presented with an auditory and a visual stimulus, and performed a simultaneity judgment task
(SJ; “Were the auditory and visual stimuli presented at the same
time?”). Two types of audiovisual stimuli were presented, each in a separate run. One set of stimuli were simple ﬂash-beeps pairs. The visual
ﬂashes consisted of a white ring circumscribing the visual ﬁxation
cross on a black background presented for 10 ms. Auditory beep stimuli
consisted of a 3500 Hz pure tone with a duration of 7 ms. For simple
ﬂash-beeps, SOAs included 0, ± 10, ± 20, ± 50, ± 80, and ± 100 to
300 ms in 50 ms intervals (negative values indicate auditory-leading
presentations, and positive values indicate visual-leading presentations). Twenty trials at each SOA were presented.
The second type of audiovisual stimuli were single syllable utterances, which were selected from a stimulus set that has been previously
used successfully in studies of multisensory integration (Baum et al.,
2015; Quinto et al., 2010; Stevenson et al., 2014b; Stevenson and
Wallace, 2013). Stimuli consisted of two audiovisual clips of a female
speaker uttering single instances of the syllables “ga” and “ba”. Visual
stimuli were grayscale, and spanned 18.25 cm per side, and 2 s in duration, with each presentation containing the entire articulation of the syllable, including pre-articulatory gestures. For speech stimuli, SOAs
included 0 to ±300 ms in 50 ms intervals and ±400 ms.
2.4. Analysis of behavioral tasks

2.2. Participants
Thirty-two participants competed the study, half who met the DSMIV criteria for schizophrenia (SCZ; mean age = 42.3 ± 8.9 years, 8 females), and half healthy controls (HC; mean age = 41.9 ± 9.3 years,
10 females) matched for age (t(30) = 0.12, p = 0.91) and gender
(χ2 = 0.51, p = 0.48). SCZ symptoms were rated using the Brief Psychiatric Rating Scale (BPRS; mean = 15.4 ± 7.9), the Scale for Assessment
of Positive Symptoms (SAPS; mean = 13.7 ± 11.7), and the Scale for Assessment of Negative Symptoms (SANS; mean = 32.2 ± 15.9), with hallucination severity derived from the SAPS global rating of hallucination
scores (mean = 1.6 ± 1.6).
2.3. Stimuli and procedures
For all tasks, participants were asked to ﬁxate towards a cross, and
were actively monitored for compliance. Visual stimuli were presented
on a screen approximately 60 cm from the participants. Auditory stimuli
were presented through centrally aligned speakers. Tasks and trials
were randomized in all cases. All responses were made via button press.
2.3.1. Unisensory timing tasks
For the unisensory auditory timing task, participants were presented
with a pair of auditory beeps consisting of one high- and one low-pitch
(1000 and 500 Hz) beep (duration = 7 ms), and performed a temporal
order judgment task (TOJ; “Which came ﬁrst?”). Individual unisensory-

In both the auditory and visual unisensory TOJ, individuals' mean responses were calculated at each SOA (Fig. 1A–B). A general linear model
(GLM) was used to predict responses based on the categorical factor of
diagnosis and the continuous factor of SOA. Additionally, each
individual's mean responses were ﬁt with a sigmoid curve, and the
75% threshold was extracted from this function (Fig. 1C) for both the visual and auditory tasks. Thresholds were then compared across groups,
and subsequently used to predict multisensory temporal processing
abilities. Twenty trials at each SOA were presented.
In both audiovisual SJ tasks, individuals' mean responses were calculated at each SOA (Fig. 1D–E). Individuals' mean responses from SJ tasks
were used to calculate a temporal binding window (TBW) using a wellestablished method (Fister et al., 2016; Noel et al., 2016; Schlesinger et
al., 2014; Stevenson et al., 2012a,b, 2014a,b, 2013; Stevenson and
Wallace, 2013). Two psychometric sigmoid functions were ﬁt to rates
of perceived synchrony across SOAs; one to the audio-ﬁrst (left) presentations and a second to the visual-ﬁrst presentations (right). To account
for non-zero points of subjective simultaneity (PSS), the SOA at which
these two sigmoid functions crossed was extracted. If this point was
greater or less than the next closest data point, two new sigmoid functions were ﬁt splitting the data at the SOA at which the original sigmoid
functions crossed. This process was continued in an iterative manner
until the SOA at which best-ﬁt sigmoid functions crossed fell between
the two data points at which the data were split. Based off these ﬁnal
curves, the time interval between the 75% threshold of their left,
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Fig. 1. Temporal perception. Individuals with (red) and without (black) schizophrenia completed a series of temporal tasks. In unisensory tasks, individuals with SCZ showed less temporal
precision during auditory (Panel A) and visual (Panel B) perception. Thresholds for both can be seen in Panel C. Audiovisual temporal perception was also less temporally precise in
schizophrenia with both simple ﬂash-beep stimuli (Panel D) and speech stimuli (Panel E). Thresholds for both can be seen in Panel F. Error bars represent standard error. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

auditory-leading curve and their right, visual-leading curve was calculated as the individual's TBW (Fig. 1F).
All measures were compared between groups. Consecutive multiple
hierarchical regressions were then conducted to investigate (a) the ability of unisensory temporal processing to account for impaired multisensory processing in SCZ, and (b) the ability of audiovisual temporal
processing to predict hallucination symptomatology in SCZ.
3. Results
3.1. Unisensory temporal perception
Auditory temporal perception was indexed via an auditory TOJ task.
Responses were averaged for each SOA for each individual. A mixed

linear model (MLM) was then used to measure the impact of SOA and
diagnosis on response accuracy (Fig. 1A). In this 2-factor MLM, both factors of diagnosis (F(1,228.7) = 84.57, p b 0.001) and SOA (F(1,26.2) = 58.84,
p b 0.001) signiﬁcantly contributed, but the two did not interact
(F(1,56.0) = 0.06, p b 0.81). To quantify this between-group difference,
thresholds (75%-correct performance) for each individual were compared between diagnostic groups, with SCZ patients showing poorer auditory temporal acuity (Fig. 1C; meanSCZ = 140 ms, meanHC = 53 ms,
t(30) = 2.70, p = 0.01, d = 0.99).
Visual temporal perception was indexed via a visual TOJ task. Responses were averaged across SOAs for each individual. An MLM was
then used to measure the impact of SOA and diagnosis on response accuracy (Fig. 1B). In this 2-factor MLM, both factors of diagnosis
(F(1,57.7) = 28.51, p b 0.001) and SOA (F(1,214.5) = 234.70, p b 0.001)
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signiﬁcantly contributed, but the two did not interact (F(1,214.5) = 0.08,
p b 0.78). To quantify this between-group difference, 75% thresholds
were compared between diagnostic groups, with SCZ patients showing
poorer visual acuity (Fig. 1C; meanSCZ = 45 ms, meanHC = 26 ms,
t(30) = 2.22, p = 0.03, d = 0.81).

and diagnosis was added as a predictor in Model 3. Detailed statistical
results can be seen in Table 1. In a synopsis of these data, unisensory auditory, but not visual, TOJ performance was predictive of TBW width. In
model 3, SCZ diagnosis also predicted a wider TBW beyond what was
accounted for by unisensory deﬁcits.

3.2. Multisensory temporal perception

3.4. Multisensory temporal precision and hallucinations

Audiovisual temporal acuity was tested using SJ tasks. Data from the
SJ task using simple ﬂash-beep stimuli were analyzed with a mixedmodel, two-way, repeated-measures ANOVA (diagnosis × SOA). This
analysis revealed signiﬁcant effects of diagnosis (F(1,18) = 13.18, p =
0.001, partial-η2 = 0.31), SOA (F(1,18) = 68.33, p b 0.001, partial-η2 =
0.70), and an interaction between the two (F(1,18) = 7.94, p b 0.001, partial-η2 = 0.21) (Fig. 1D). Follow-up t-tests were conducted at each SOA
(see Fig. 1D and Supplementary Table 1 for detailed statistics). Individuals' temporal binding windows (TBW) were calculated and groups
were compared (Fig. 1D; t(30) = 4.61, p = 6.94e−5, d = 1.68). Controls
showed a mean TBW of 240 ms ± 114 ms, and SCZs exhibited a significantly enlarged mean TBW of 550 ms ± 243 ms. These results suggest
that multisensory temporal acuity is less precise in individuals with SCZ
(Fig. 1F).
SJ tasks using more complex audiovisual stimuli – speciﬁcally speech
stimuli were analyzed in an identical manner. A mixed-model, twoway, repeated-measures ANOVA showed signiﬁcant effects of diagnosis
(F(1,18) = 12.65, p = 0.001, partial-η2 = 0.30), SOA (F(1,18) = 69.66,
p b 0.001, partial-η2 = 0.70), and an interaction between the two
(F(1,18) = 4.54, p b 0.001, partial-η2 = 0.13). Follow-up t-tests were conducted for each SOA (see Fig. 1E and Supplementary Table 2 for detailed
statistics). Controls showed a mean TBW of 432 ms ± 181 ms, and the
SCZ group exhibited a signiﬁcantly wider mean TBW of 682 ms ±
182 ms (t(30) = 3.90, p = 0.0005, d = 1.42). These results suggest
that multisensory temporal acuity for audiovisual speech stimuli is
less precise in individuals with SCZ (Fig. 1F).

Global hallucination severity measures in participants with SCZ
were extracted from the SAPS. Initial correlations were conducted between hallucination severity and participants' audiovisual temporal
precision (i.e., TBW width). The widths of the TBW measured using
both ﬂash-beep stimuli (R = − 0.52, p = 0.038) and speech stimuli
(R = − 0.65, p = 0.006) were signiﬁcantly correlated with hallucination severity, in that the wider the TBW, the less severe their hallucinations were (Fig. 2). To control for the effects of age and gender, a
hierarchical regression was conducted, revealing that (a) neither gender nor age accounted for a signiﬁcant portion of variance (ps N 0.37),
and (b) audiovisual temporal precision was predictive of hallucination
severity even when controlling for demographic variables (R = 0.76,
F-change(2,11) = 5.76, p = 0.019). Detailed statistical results can be
seen in Table 2.
Finally, an exploratory correlation analysis was conducted to detect
any possible relationships between audiovisual temporal precision
and overall positive and negative symptomatology. No relationships
were observed for either ﬂash-beep (Rs = 0.23 and 0.20, respectively)
or speech (Rs = 0.08 and 0.12, respectively) stimuli (Table 2).

3.3. Predicting multisensory temporal perception
An outstanding question in the prior analyses is whether the
unisensory (i.e., auditory and visual) temporal processing changes in
SCZ account for the changes in audiovisual temporal perception. Hierarchical multiple regressions were used to identify which factors predicted multisensory temporal acuity as indexed via the TBW. For data
derived from the SJ task using both simple ﬂash-beep and speech stimuli, a three-model hierarchical regression was run. Factors in Model 1
included the demographic variables of age and gender, Model 2 added
unisensory auditory and visual temporal acuity (i.e., TOJ performance),

4. Discussion
This study provides a novel view into the relationships between impaired temporal processing, multisensory integration, and hallucinations in SCZ. Three main ﬁndings are evident in the data. First, this
study conﬁrms that individuals with SCZ show decreased temporal acuity in both auditory and visual perception, as well as in audiovisual temporal perception. Second, SCZ participants exhibit impairments in
multisensory temporal acuity that extend beyond these unisensory
changes, suggesting a level of speciﬁcity for these multisensory changes.
Finally, and perhaps most importantly, multisensory temporal perception predicted one aspect of SCZ symptomatology, speciﬁcally the severity of hallucinations.
The ability to integrate sensory inputs into a uniﬁed perceptual
whole is an essential cognitive process. The ability to link what is seen
and heard, such as linking a voice one hears to the sight of the speaker's
mouth movements, creates a coherent representation of the external
world. Changes in sensory integration are clinically signiﬁcant features

Table 1
Hierarchical multiple regression predicting temporal binding windows.
Flash-beep stimuli
Predictor

Partial correlation (pr)

Speech stimuli
p-Value

Step 1: R = 0.06, F-change(2,29) = 0.05, p-change = 0.95
Gender
0.02
0.93
Age
0.06
0.78
Step 2: R = 0.61, F-change(2,27) = 7.93, p-change = 0.002
Gender
−0.01
0.96
Age
−0.16
0.40
Auditory threshold
0.52
0.004
Visual threshold
−0.02
0.94
Step 3: R = 0.74, F-change(1,26) = 10.60, p-change = 0.003
Gender
0.13
0.50
Age
−0.11
0.58
Auditory threshold
0.46
0.015
Visual threshold
−0.15
0.45
Diagnosis
0.54
0.003

Predictor

Partial correlation (pr)

p-Value

Step 1: R = 0.29, F-change(2,29) = 1.33, p-change = 0.28
Gender
−0.27
0.62
Age
−0.06
0.27
Step 2: R = 0.64, F-change(2,27) = 7.57, p-change = 0.002
Gender
−0.40
0.03
Age
−0.29
0.13
Auditory threshold
0.38
0.044
Visual threshold
0.22
0.25
Step 3: R = 0.71, F-change(1,26) = 4.90, p-change = 0.036
Gender
−0.26
0.08
Age
−0.34
0.18
Auditory threshold
0.30
0.13
Visual threshold
0.15
0.45
Diagnosis
0.40
0.036

Signiﬁcant results of added predictors are shown in bold.
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Fig. 2. Audiovisual temporal precision predicts severity of hallucinations in SCZ. Temporal binding windows with both simple ﬂashes and beeps (Panel A) and speech (Panel B) were
signiﬁcantly related to hallucination severity as measured by the Scale for Assessment of Positive Symptoms.

in SCZ, as impaired integration is a common neurological soft sign of SCZ
(Heinrichs and Buchanan, 1988). Here, we provide novel evidence suggesting that aberrant audiovisual temporal perception in SCZ is signiﬁcantly predictive of hallucinations, a clinical symptom typically
associated with SCZ. Dysfunction in binding information in SCZ was described as far back as 1911 (Bleuler, 1911), and persists in modern theories of SCZ, speciﬁcally for patients experiencing auditory
hallucinations (Behrendt and Young, 2004). These observations, taken
together with the increasing evidence for sensory integration deﬁcits
in SCZ, and the accumulating recognition that this associative binding
process is foundational in the scaffolding of a sense of ‘self’ drew researchers to propose that perceptual incoherence may manifest in
many of the clinical symptoms of SCZ (Postmes et al., 2014).
Neuroanatomical evidence also provides strong links between hallucinations in SCZ and audiovisual temporal processing, particularly in the
audiovisual speech perception network, including superior temporal regions and inferior frontal regions. Hallucinations in SCZ have commonly
been linked to atypical anatomy and function in the posterior temporal
cortex, including regions of the middle temporal gyrus (MTG), superior
temporal sulcus (STS), and superior temporal gyrus (STG). Direct stimulation of STS induces auditory hallucinations (Postmes et al., 2014),
and during hallucinations in individuals with SCZ, there are changes in
the neural activation patterns in STS (Jardri et al., 2011; Shergill et al.,
2000). Additionally, both anatomical (Aguayo, 1990; Cachia et al.,
2008; Levitan et al., 1999) and functional (Kim et al., 2003) differences
in STS have been directly linked to SCZ symptomatology including, but
not limited to, increases in frequency and severity of hallucinations.
Similarly, activation increases in IFG during hallucination in SCZ (Jardri
et al., 2011; Shergill et al., 2000), and anatomical irregularities in this region of IFG are a common feature in SCZ (Wisco et al., 2007). Furthermore, functional connectivity between superior temporal and inferior
frontal regions is reduced in individuals exhibiting hallucinations
(Vercammen et al., 2010). Collectively, these results point to striking
changes in the network subserving speech processing associated with
hallucinations in SCZ.
Table 2
Audiovisual temporal precision predicts hallucination severity.
Predictor
Gender
Age

Partial correlation (pr)

p-Value

Step 1: R = 0.38, F-change(2,13) = 1.06, p-change = 0.37
0.25
0.38
0.20
0.48

Step 2: R = 0.76, F-change(2,11) = 5.76, p-change = 0.019
Gender
0.54
0.06
Age
0.05
0.87
TBW ﬂashbeep
−0.57
0.04
TBW speech
−0.43
0.14
Signiﬁcant results of added predictors are shown.

While STS and IFG are clearly involved in hallucinations in SCZ, they
are also central nodes for audiovisual processing. Both STS and IFG have
been shown to respond differentially based on the timing and/or perceptual fusion of audiovisual inputs, and have been implicated in various facets of audiovisual integration in humans (Miller and D'Esposito,
2005; Stevenson et al., 2011). Both are also central nodes in the speech
perception network, with direct connections existing between STS, IFG,
and auditory cortex (Sommers et al., 2005). Given these remarkable
overlaps, disruptions within STS/IFG network may be the mechanistic
feature that links audiovisual temporal impairments and the symptomatic hallucinations they predict.
These ﬁndings of multisensory temporal processing impairments
also point to a potential strategy for SCZ remediation. Numerous studies
show that temporal precision, and notably visual (Stevenson et al.,
2013) and audiovisual (Powers et al., 2012) temporal acuity, is highly
plastic and modiﬁable through perceptual training. Given the strong associative links between audiovisual temporal processing impairments
and clinical symptomatology, it is conceivable that training focused on
temporal processing may provide clinical beneﬁts by increasing the
level of perceptual coherence an individual experience. This hope is bolstered by ﬁndings of neural plasticity in STS in SCZ patients. While left
STS progressively reduces in volume (correlating with severity of hallucinations) following the ﬁrst episode of SCZ (Song et al., 2015), this
trend is reversible – following a year of neuroleptic treatment, left STS
volume increased in SCZ patients (Song et al., 2015). Remarkably, neural
activity and functional connectivity in STS have also been shown to be
strongly modulated by multisensory perceptual learning (Powers et
al., 2012). The ability to induce changes in STS through simple perceptual training, as well as the ability of remediation in SCZ to inﬂuence structure (and presumably function) in STS, suggests that this line of work is
promising. Indeed, in future work it will be necessary to further relate
multisensory processing deﬁcits with ﬁne-grain characterizations of
psychopathology with SCZ. Speciﬁcally, the idea that individuals with
SCZ exhibit wider TBWs overall, yet narrower windows were associated
with more sever hallucinations is intriguing. One possible explanation is
that wider TBWs in SCZ accommodates less reliable unisensory temporal processing, and thus is an adaptive feature of SCZ – thus SCZ individuals with narrow windows would represent a failure of multisensory
adaptation to imprecise unisensory inputs. Such characterization and
its association with SCZ-related psychopathology will be informative
from a mechanistic point of view and also from a clinical perspective
as an area of possible remediation.
5. Conclusions
Our results support the hypothesis that sensory disturbances, specifically those in the temporal processing realm, contribute to hallucinations in SCZ. SCZ is associated with auditory and visual temporal
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dysfunction, with additional multisensory temporal dysfunction beyond that predicted by these unisensory deﬁcits. These audiovisual temporal perceptual disturbances are also signiﬁcantly predictive of clinical
measures of hallucination severity, supporting the hypothesis that hallucinations may result from aberrant attribution, or integration, of internal auditory speech to an external speaker. These data are, to our
knowledge, the ﬁrst to demonstrate the cascading impact of sensory
disturbances on higher-level, clinical symptomatology in SCZ. The highly overlapping neural architecture underlying temporal processing,
multisensory integration, and speech perception, and that associated
with hallucinations in SCZ, further support these ﬁndings. These ﬁndings also offer hope for the use of temporally-based sensory training
methods as possible remediation tools in SCZ.
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