Schizophrenia Research 216 (2020) 175–183

Contents lists available at ScienceDirect

Schizophrenia Research
journal homepage: www.elsevier.com/locate/schres

Dynamic Causal Modelling suggests impaired effective connectivity in
patients with schizophrenia spectrum disorders during gesturespeech integration
Adrian Wroblewski a,b,⁎, Yifei He a,b,c, Benjamin Straube a,b
a
b
c

Translational Neuroimaging Marburg (TNM), Department of Psychiatry and Psychotherapy, University of Marburg, Germany
Center for Mind, Brain and Behavior (CMBB), University of Marburg and Justus Liebig University Giessen, Germany
Faculty of Translation, Language, and Cultural Studies, University of Mainz, Germersheim, Germany

a r t i c l e

i n f o

Article history:
Received 10 October 2019
Received in revised form 26 November 2019
Accepted 15 December 2019
Available online 24 December 2019
Keywords:
fMRI
DCM
Multisensory-integration
Gesture
Speech
Schizophrenia

a b s t r a c t
Integrating visual and auditory information during gesture-speech integration (GSI) is important for successful
social communication, which is often impaired in schizophrenia. Several studies suggested the posterior superior
temporal sulcus (pSTS) to be a relevant multisensory integration site. However, intact STS activation patterns
were often reported in patients. Thus, here we used Dynamic Causal Modelling (DCM) to analyze whether information processing in schizophrenia spectrum disorders (SSD) is impaired during GSI on network level.
We investigated GSI in three different samples. First, we replicated a recently published connectivity model for
GSI in a healthy subject group (n = 19). Second, we investigated differences between patients with SSD and a
matched healthy control group (n = 17 each). Participants were presented videos of an actor performing intrinsically meaningful gestures accompanied by spoken sentences in German or Russian, or just telling a German sentence without gestures.
Across all groups, fMRI analyses revealed similar activation patterns, and DCM analyses resulted in the same winning model for GSI. This ﬁnding directly replicates previous results. However, patients revealed signiﬁcantly reduced connectivity in the verbal pathway (from left middle temporal gyrus (MTG) to left STS). The clinical
signiﬁcance of this connection is supported by its correlations with the severity of concretism and a subscale of
negative symptoms (SANS).
Our model conﬁrms the importance of the pSTS as integration site during audio-visual integration. Patients
showed generally intact connectivity during GSI, but revealed impaired information transfer via the verbal pathway. This might be the basis of interpersonal communication problems in patients with SSD.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
The integration of visual and auditory information during gesturespeech integration (GSI) is important for successful social communication (McNeill, 1992). Gestures are commonly used to emphasize or to
provide additional meaning, thereby inﬂuencing speech perception
(Kelly et al., 2010; Wu and Coulson, 2010) and memory processes
(Straube et al., 2009, 2011). To achieve this, the listener needs to ultimately integrate information from both visual and auditory modalities.
However, for patients with schizophrenia spectrum disorders (SSD),
they might be impaired in this crucial integration process, which
might contribute directly to dysfunctional social communication.
⁎ Corresponding author at: Translational Neuroimaging Marburg (TNM), Department of
Psychiatry and Psychotherapy, University of Marburg, Rudolf-Bultmann-Str. 8, 35039
Marburg, Germany.
E-mail address: Adrian.wroblewski@med.uni-marburg.de (A. Wroblewski).
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There is evidence that patients suffering from SSD show deﬁcits in
the perception and production of gestures (Bucci et al., 2008; Grüsser
et al., 1990; Matthews et al., 2013; Nagels et al., 2019) and the processing of other complex actions (Takahashi et al., 2010). As for language,
one characteristic aspect of language disturbances in SSD is concretism,
which describes impaired understanding of metaphors, irony or abstract content in general (Bergemann et al., 2008; de Bonis et al.,
1997; Iakimova et al., 2010; Kircher et al., 2007), and constitutes a clinical manifestation of a broader language dysfunction called Formal
Thought Disorder (FTD). Besides, patients with SSD also show dysfunctional integration of visual and auditory information on a low cognitive
level, i.e. lip movements (Beauchamp et al., 2010), as well as in more
complex GSI processes (Surguladze et al., 2001; Szycik et al., 2009;
Walther et al., 2013a; Walther and Mittal, 2016), especially for abstract
(metaphoric) gestures (Cuevas et al., 2019; Straube et al., 2013a,
2013b). Together, these abnormalities might play an important role
for deﬁcits in social behavior in SSD (Lavelle et al., 2014). Despite
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substantial report of dysfunctional audio-visual integration in SSD, the
underlying brain mechanisms of these deﬁcits are far from clear. Specifically, although the posterior superior temporal sulcus (pSTS), across
domains, has been found to be crucial for multimodal integration
(Beauchamp et al., 2004a, 2004b; Calvert, 2001; Dick et al., 2009,
2014; He et al., 2015; Holle et al., 2008; Hubbard et al., 2009; Kircher
et al., 2009; Straube et al., 2011; Surguladze et al., 2001; Werner and
Noppeney, 2010; Willems et al., 2009a, 2009b), interestingly, pSTS functioning has not always been found to be impaired in patients with SSD
even during GSI (Straube et al., 2013b). However, multimodal integration is not only based on the activation of certain brain regions, but
also relies on the information transfer between them (Nath and
Beauchamp, 2011; Noppeney et al., 2008; Werner and Noppeney,
2010). So far, only few studies have investigated functional or effective
connectivity during GSI. Straube and colleagues showed in a functional
connectivity study that patients with schizophrenia and healthy controls share common connectivity from pSTS to middle temporal gyrus
(MTG) and ventral inferior frontal gyrus (IFG) during integration of
co-verbal iconic and metaphoric gestures, but, however, patients revealed reduced connectivity during metaphoric gesture processing between STS and bilateral frontal, parietal, and left temporal structures
as well as the anterior cingulate cortex and subcortical regions
(Straube et al., 2013b). In a recent study from our group, we suggested
a three-region connectivity model for GSI, with bidirectional coupling
between pSTS, visual gesture (occipital cortex; OC) and auditory speech
processing (middle temporal gyrus; MTG) areas. The connectivity pattern revealed that the pSTS had inhibitory inﬂuence on the connectivity
between OC and MTG, and thereby information transfer is strengthened
towards the pSTS as integration site (Straube et al., 2018). This model
for the ﬁrst time corroborated the role of the pSTS during GSI on a
network-level, by showing a top-down inhibition on direct verbalgestural connectivity. While dysfunctional activation and seed-based
(PPI) connectivity for processing of gestures in an abstract sentence
context had been observed in patients with schizophrenia, the detailed
information transfer between verbal, gestural and integration sites during GSI of simple intrinsically meaningful gestures and corresponding
speech is unknown (Straube et al., 2013a, 2013b).
The purpose of the current study was to investigate impaired GSI in
SSD on network-level by 1) replicating the connectivity model published in Straube et al. (2018) with the pSTS as central integration site
in healthy subjects, and 2) using this model to identify differences between patients with SSD and a matched healthy control sample. We hypothesized that patients show impaired gestural or verbal information
transfer towards the pSTS, which would be reﬂected in reduced MTGSTS or OC-STS coupling strength, respectively. We carried out two studies: study 1 was focusing on replicating the GSI connectivity model in a
recently published sample of healthy participants (He et al., 2018b). In
study 2 we collected data from patients with SSD and a matched healthy
control group.
2. Methods
2.1. Participants
In study 1, 20 healthy participants (H-group) with no histories
of medical or mental illnesses were included, of which one had to
be excluded due to bad data quality, leading to a ﬁnal sample of
n = 19 (12 females, mean age 22.65 years, range 19–32 years).
For more details about the H-group, please see (He et al., 2018b)
where data were analyzed without considering connectivity analyses. In study 2, 17 medicated patients (P-group) with SSD and 18
matched healthy controls (C-group) were included, of which one
had to be excluded due to missing activation in the needed brain
regions for connectivity analyses, leading to a ﬁnal sample in the
C-group of n = 17. Demographic and clinical descriptions of the
participants are summarized in Table 1. Patients were recruited at

Table 1
Demographic, medication, symptom, and neuropsychological measures in study 2 for patients (P-group) and matched healthy controls (C-group).

Age (years)
Gender male/female
Education (years)
TMT A (seconds)
TMT B (seconds)
Digit Span forward
Digit Span backward
Verbal IQ
Concretism*
SAPS (global)
SANS (global)
CPZ Equivalent

P-group

C-group

Difference (p)

33.12 ± 12.35
13/4
11.82 ± 1.77
31.49 ± 10.73
68.56 ± 37.8
7.94 ± 1.75
6.35 ± 1.93
28.88 ± 5.25
1.38 ± 0.46
15 ± 6.89
9 ± 6.02
562.52 ± 372.63

32.65 ± 10.07
13/4
12.76 ± 1.39
26.45 ± 10.12
54.18 ± 19.44
8.06 ± 2.51
6.59 ± 2.58
28.47 ± 3.91
1.13 ± 0.20

0.904
0.095
0.168
0.175
0.875
0.765
0.797
0.048

Values are presented as mean ± standard deviation. TMT: trail making test; CPZ: chlorpromazine; * Concretism evaluated with the Proverb Interpretation Task.

the Department of Psychiatry and Psychotherapy Marburg and diagnosed according to ICD-10 with schizophrenia (F20.0, n = 13,
and F20.3, n = 1) or schizoaffective disorder (F25.0, n = 2, and
F25.3, n = 1). All except one SSD patient received antipsychotic
treatment; six were additionally treated with antidepressive or
other psychiatric medication. Scale for the Assessment of Positive
Symptoms (SAPS) (Andreasen, 1984a) and Scale for the Assessment of Negative Symptoms (SANS) (Andreasen, 1984b) were
used to characterize negative and positive symptoms in patients.
Exclusion criteria were substance use or alcohol abuse within the
past six months, brain injury, and neurological diseases. In all samples we conducted neuropsychological tests to assess working
memory function, digital span, trail making (TMT), verbal IQ
(MWST-B) (Lehrl, 1999), and metaphoric language processing
(concretism, evaluated with the Proverb Interpretation Task)
(Barth and Küfferle, 2001) (Table 1). Additionally, we reported
scores from subscales of SAPS and SANS, word ﬂuency test, as
well as a questionnaire on self-reported gesture production and
perception [BAG, Brief Assessment of Gesture (Nagels et al.,
2015)] in Supplementary Table 1. All participants were native German speakers without any knowledge of Russian language, and had
normal or corrected to normal vision. In both C– and P-groups, 16/
17 participants were right-handed. Written informed consent was
obtained prior to the participation in the study. The study was approved by the local ethics committee.

2.2. Materials
In all three samples, we applied the same materials and procedures.
The experimental paradigm has already been described in detail elsewhere (He et al., 2015, 2018b; Straube et al., 2018), so we will provide
only a short overview here. During data acquisition, participants were
presented short video sequences showing an actor performing an intrinsically meaningful gesture (IMG) accompanied by one spoken sentence in German or Russian language, or isolated speech only (Fig. 1).
Two gesture types were presented, either with social (emblematic) or
tool-related content. All videos lasted 5 s and contained only one simple
sentence each. The actor performed either 1) an IMG in context of a German sentence (GG), 2) an IMG in context of a Russian sentence (GR), or
3) a German sentence with emblematic or tool-related content without
being accompanied by any gesture (SG). In total 312 videos (52 per condition * 3 conditions * 2 sets) as well as 26 ﬁller videos with Russian
sentences and meaningless gestures were constructed. A similar approach to investigate GSI had been used previously by our group
(Green et al., 2009; He et al., 2015; Kircher et al., 2009; Straube et al.,
2011).
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2.6. Whole-brain fMRI data analysis

Fig. 1. Example of the GSI paradigm for the Gesture-German (GG) condition. The German
sentence was translated into English for illustrative purposes.

2.3. Experimental procedure
Two experimental blocks were presented with a duration of 14 min
and 182 videos each. The order of the videos was pseudo-randomized
and counterbalanced across subjects. Each video sequence was followed
by a gray screen with an average jitter of 4000 ms (2154-5846 ms). During the experiment, participants had to fulﬁll a content judgement task
in which they had to decide (via button press with the index or middle
ﬁnger of the left hand) whether the presented stimulus was rather
object- or person-related. Participants were instructed to respond as
soon as they decided on an answer. In all samples, simultaneous EEGfMRI data were collected (He et al., 2018b), but the focus of the current
study is effective connectivity based on fMRI data. Therefore, we will describe only this part brieﬂy here.

2.4. MRI data acquisition
All MRI data were acquired using a 3-Tesla scanner (Siemens TIM
Trio). Functional images were obtained using a T2*-weighted
gradient-echo echo-planar imaging sequence sensitive for the BOLD
contrast (TE = 30 ms, TR = 2000 ms, ﬂip angle 90°, matrix size
64 × 64 voxels, slice thickness 4.0 mm, inter-slice gap 0.36 mm,
FoV = 230 mm2, 30 slices, ascending phase encoding direction). Slices
were positioned transaxially parallel to the intercommissural (AC-PC)
plane. In total, 425 volumes were collected per block. In addition, for
each subject a high-resolution structural image was acquired using a
three-dimensional T1-weighted magnetization-prepared rapid
gradient-echo (3D MPRAGE) sequence in sagittal plane (TE =
2.26 ms, TR = 1900 ms, inversion time 900 ms, ﬂip angle 9°, voxel
size 1x1x1 mm³, FOV = 256 mm2, 176 slices).

2.5. Behavioral and correlational analyses
Statistical data analyses were performed using IBM SPSS v.20 for
Windows. We conducted ANOVAs and paired one-tailed t-tests
(Bonferroni-corrected) to investigate differences between groups and
conditions. Furthermore, we used correlational analyses (Spearman
correlation) to explore the relation between connectivity parameters
and clinical and neuropsychological measures. Correlations were not
corrected for multiple comparisons because of their exploratory nature.

Functional MRI data were preprocessed and analyzed using the
SPM12 software package (Statistical Parametric Mapping, Wellcome
Trust Center for Neuroimaging, London; http://www.ﬁl.ion.ucl.ac.uk)
based on Matlab R2017a (version 9.2.0; MathWorks). After discarding
the ﬁrst ﬁve volumes to minimize T1-saturation effects, all images
were high-pass ﬁltered (cut-off period 128 s), co-registered to the anatomical T1 images, segmented, spatially realigned, normalized into the
MNI space using the MNI template (resulting voxel size
2 × 2 × 2 mm3) and smoothed (6 mm isotropic Gaussian ﬁlter). The statistical whole-brain analysis was performed in a two-level, mixedeffects procedure. The voxel-wise BOLD activity was modeled by
means of a single subject ﬁrst-level General Linear Model (GLM) comprising the onsets of each event [critical word onset (Green et al.,
2009; Kircher et al., 2009)] with a duration of 1 s. The six realignment
parameters were additionally included as nuisance covariates to account for residual motion artifacts. The hemodynamic response was
modeled by the canonical hemodynamic response function (HRF). Parameter estimate (ß-) images for the HRF were calculated for the two
blocks per subject separately. Parameter estimates were then entered
into a within-subject ﬂexible factorial analysis including a subjectfactor.
As in previous studies (Straube et al., 2018), we deﬁned three experimental contrasts of interest. Firstly, two contrasts were created by
subtracting the Gesture-Russian (GG N GR) for the “verbal effect” and
the Speech-German from the Gesture-German condition (GG N SG) for
the “gestural effect”, respectively (Monte-Carlo simulation: p = .001,
k = 65). Secondly, to investigate integration processes we then calculated the conjunction (conjunction null) (Friston et al., 2005; Nichols
et al., 2005) between both unimodal conditions (GG N GR ∩ GG N SG;
p = .001).

2.7. Dynamic Causal Modelling
To investigate GSI on network level we used Dynamic Causal
Modelling (DCM; version 12 as implemented in SPM12) to analyze
effective connectivity (Frässle et al., 2016; Tak et al., 2018). DCM
relies on two steps for the connectivity analyses (Zeidman et al.,
2019). Firstly, speciﬁc forward models are deﬁned, which are
based on concrete hypotheses about coupling and information
transfer between a certain number of regions. In other words the
method is used to investigate how one neuronal system exerts inﬂuence over another and how experimental conditions modulate
this inﬂuence (Friston et al., 2003). In the ﬁrst step of classical
DCM for fMRI one needs to deﬁne certain parameters: 1) The impact of experimental conditions on speciﬁc regions (driving
input; C-matrix), 2) the intrinsic, context-independent coupling
between two regions (A-matrix), and 3) the inﬂuence of an experimental condition on the coupling strength between two regions
(modulatory input, B-matrix). In non-linear DCM a fourth parameter is modeled that describes the modulatory inﬂuence one region
exerts on the coupling between two other regions (Friston et al.,
2000; Stephan et al., 2008). Secondly, after model speciﬁcation
random-effects Bayesian Model Selection (BMS) and Bayesian
Model Averaging (BMA) are used to identify the model or group
of models that ﬁt the data best and to average parameters over subjects (Stephan et al., 2007). Resulting coupling parameters were
entered into one-sample t-tests to be characterized by classical statistics (see Supplementary Table 4). A Kolmogorov-Smirnov test
was used to test for normality on the main connections of interest
(MTG-STS and OC-STS), indicating normal distribution in all relevant parameters. For the comparison between groups we used
one-way ANOVAs and t-tests (unpaired, two-samples, one-tailed,
Bonferroni-corrected).
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Fig. 2. Violin plots showing content judgement task performance in study 2 for the condition Gesture-German (GG), Gesture-Russian (GR) and Speech-German (SG). A: Results of the
matched healthy controls (C-group). B: Results of the patients (P-group). Top: Distribution of accuracy rates of correct responses across subjects. Bottom: Distribution of reaction times
across subjects. *Signiﬁcant at p b .05 Bonferroni corrected.

2.8. Time series extraction and model space
Time series were extracted following a previous approach from
our group (Straube et al., 2018), as well as the recommendations of
Zeidman et al. (2019). In short we followed a ﬁve-step approach:
1) A GLM for every subject was deﬁned to identify brain regions
showing a main effect for the contrasts we described in
Section 2.6. 2) On group level, we selected three brain region clusters (left STS, left MTG and left OC) that were used as masks in the
single-subject analyses in the next step. Each of the three samples
(H-, C– and P-group) was analyzed separately. 3) Using the previously created masks, we identiﬁed the peak coordinates for each
individual subject and region (Supplementary Table 3). Furthermore, activation in the region of interest (ROI) had to exceed a liberal statistical threshold of p b .01 uncorrected. Note that the
threshold was lowered to p b .05 uncorrected in case of no resulting
activity (Zeidman et al., 2019) (one subject in C-group and four
subjects in P-group). 4) Time series were then extracted as the
ﬁrst eigenvariates from all voxels inside a 4 mm sphere around
the peak voxel, adjusted for the Effects-of-Interest contrast. Contrasts used for time series extraction were the same as described
in 2.6. (left MTG: GG N GR, left OC: GG N SG, left pSTS: GG N GR ∩
GG N SG). 5) For model estimation new ﬁrst-level design matrices
were speciﬁed, containing an “integration regressor” (GG condition), a “verbal regressor”, encompassing all meaningful auditory

speech information (GG and SG condition), and a “gestural regressor”, encompassing all meaningful visual gesture information (GG
and GR condition).
The time series were then entered into the predeﬁned models. For a
detailed description of the model space please refer to Straube et al.
(2018). In short, the model space consisted of 17 simple models with bidirectional intrinsic connections between all three nodes (A-matrix). As
driving inputs we used the verbal regressor as input into the MTG and
the gestural regressor was used as input into the OC (C-matrix). The integration regressor was used as modulatory input (B-matrix) and
reﬂected several hypotheses about the integration processes during
GSI. Furthermore, models M12 to M17 contained non-linear modulations of the STS onto unidirectional or bidirectional connectivity between MTG and OC.
3. Results
The results of the behavioral and fMRI analyses of the H-group have
already been reported in a previous study (He et al., 2018b), so in
Sections 3.1 and 3.2 we will focus only on the results from study 2.
3.1. Behavioral results
During the experiment participants had to fulﬁll a content judgement task in which they had to decide (via button press) whether the
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Fig. 3. The fMRI data analysis revealed similar activation patterns for patients (blue) and matched healthy controls (yellow) in study 2. A: BOLD activation during the processing of German
speech reﬂected in the Gesture-German and Gesture-Russian (GG N GR) contrast. B: BOLD activation during the processing of gestures reﬂected in the Gesture-German and Speech-German (GG N SG) contrast. C: BOLD activation for the gesture-speech integration reﬂected in the conjunction of contrasts from (A) and (B) (GG N GR∩GG N SG). D: Activation pattern in the
left superior temporal sulcus for controls and patients, resulting from the conjunction analysis (controls ∩ patients) of the contrast from (C).

presented stimulus was rather object- or person-related as soon as they
knew the answer (Fig. 2). The main effect “Group” revealed that patients performed less accurate (F(1,16) = 3.328, p = .087) on trend
level and responded signiﬁcantly slower (F(1,16) = 14.021, p = .002)
across conditions. Pairwise comparisons (Bonferroni-corrected) between conditions (GG N SG and GG N GR) revealed a signiﬁcant difference in accuracy for GG N GR in controls (t(16) = 3.027, p = .008) and
patients (t(16) = 3.855, p = .001). Furthermore, we found an interaction
on trend level concerning reaction times (group X condition; F(2,32) =

2.492, p = .099, η2 = .135). The post-hoc analysis revealed that controls
responded slower for GG b SG (t(16) = 4.105, p = .001).
3.2. fMRI results
BOLD activation in study 2 revealed comparable activation patterns
for C– and P-group in all contrasts, with overlapping activation in the
left pSTS for the integration contrast across groups (conjunction analysis, MNIx,y,z: [−54, −50, 12], t = 4.01, k = 53, p b .001 uncorr.; see
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Fig. 4. DCM results. A: Averaged coupling parameters (A- and B-matrix) with excitatory (red), inhibitory (green) and non-linear (blue) connections for the H-group (B). B: Violin plots
showing distribution of coupling parameters of the connection from middle temporal gyrus (MTG) to superior temporal sulcus (STS) for controls and patients. The comparison
between the groups revealed a signiﬁcantly weaker coupling strength between MTG and STS in patients. C-D: Averaged coupling parameters (A- and B-matrix) with excitatory (red),
inhibitory (green) and non-linear (blue) connections for the controls (C) and patients (D). *Signiﬁcant at p b .05 Bonferroni-corrected.

Fig. 3D). The main effect “group” revealed only activation in the fusiform
gyrus (MNIx,y,z: [36, −52, −12], F = 23.70, k = 92, p b .001 corr.). The
interaction between conditions (GG N GR and GG N SG, respectively)
and group did not reach signiﬁcance. In the contrast for verbal processing (GG N GR), we found activation in bilateral middle temporal gyrus
(MTG) and posterior superior temporal sulcus (pSTS) in the C-group;
in the P-group activation was found only in left MTG/pSTS (Fig. 3A). In
the contrast for gestural processing (GG N SG) main activation was located in bilateral parts of the occipital cortex (OC), extending to posterior MTG/STS in both groups (Fig. 3B). The bimodal integration effect
(GG N GR ∩ GG N SG) revealed activation mainly in the left STS in both
groups (Fig. 3C). For a detailed overview over all activated clusters,
please see Supplementary Table 2. These ﬁndings are a direct replication
of previous fMRI studies using the same or a similar paradigm to investigate GSI (He et al., 2015, 2018b; Straube et al., 2018), showing a similar
pattern for patients and healthy participants.
3.3. DCM results
3.3.1. Study 1
To determine the most likely of the 17 DCMs we implemented
random-effects BMS. The analysis for the H-group revealed M17
(Fig. 4A) as the winning model (exceedance probability: 75%). Fig. 4B
shows the resulting excitatory and inhibitory connections, as well as
the non-linear modulation of the STS upon MTG-OC coupling after
BMA. This pattern is a direct replication of previously published results
(Straube et al., 2018).

after BMA are visualized. Based on our hypothesis that patients show
abnormal information transfer towards the STS, we compared the modulatory inputs, as well as the resulting parameters for MTG-STS and OCSTS connections between C– and P-group. Patients showed signiﬁcantly
weaker coupling from MTG to STS (B-matrix: t(16) = 2.095, p = .044,
A + B-matrix: t(16) = 2.063, p = .047). No signiﬁcant difference for
OC-STS coupling was observed (B-matrix: t(16) = 0.1384, p = .891,
A + B-matrix: t(16) = 0.074, p = .942). Detailed coupling parameters
for all samples are provided in Supplementary Table 4.
3.4. Correlational analyses
To investigate the relation between MTG-STS connectivity strength
with clinical and neuropsychological (word ﬂuency and gesture perception) measures, we performed exploratory correlational analyses. Patients revealed negative correlations between MTG-STS connectivity
and the severity of concretism (r = −0.570, p = .017), as well as between intrinsic MTG-STS coupling and the SANS attention subscale
(r = −0.498, p = .042). Regarding BAG scores (Nagels et al., 2015),
we found a negative correlation with between gesture perception
score and the modulatory input to MTG-STS connection (r = −0.490,
p = .046) in patients. Regarding word ﬂuency we found positive correlations for WFT animals (r = 0.626, p = .007) and WFT with alternating
content (r = 0.519, p = .033) in controls. Note that the analyses were
not corrected for multiple comparisons because of their exploratory
nature.
4. Discussion

3.3.2. Study 2
In both the C– and P-group BMS again revealed M17 as the winning
model (exceedance probabilities: C-group: 77%; P-group: 85%). In
Fig. 4C (C-group) and 4D (P-group) resulting connectivity parameters
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which is increasingly investigated in SSD. Despite substantial report of
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deﬁcits in audio-visual and gesture-speech integration (GSI) in SSD
(Cuevas et al., 2019; Straube et al., 2013a, 2013b; Surguladze et al.,
2001; Szycik et al., 2009; Walther et al., 2013b, 2016; Walther and
Mittal, 2016), underlying brain mechanisms are not yet understood. In
the current study, we provided further evidence that 1) the pSTS plays
a central role during GSI, by replicating a recently published connectivity model (Straube et al., 2018) in three different samples, 2) patients
with SSD show largely similar underlying brain mechanisms for GSI,
but 3) their MTG-STS connectivity seems to be impaired. This impairment might be the basis of dysfunctional integration of co-verbal intrinsically meaningful gestures and thus a possible explanation for
interpersonal communication problems in SSD.
The left pSTS plays an important role in unspeciﬁc crossmodal
integration of sensory inputs (Beauchamp et al., 2004b; Calvert,
2001), and is more speciﬁcally involved in the processing of speech
and gesture information (Dick et al., 2009; Green et al., 2009; Holle
et al., 2008, 2010; Kircher et al., 2009; Straube et al., 2011, 2018).
Our data support this assumption, as main activation in the integration condition [reﬂected by the conjunction of the bimodal condition (GG) compared to both unimodal conditions (GR and SG)]
was found in the left pSTS, as well as in both conditions of speech
and gesture alone (Fig. 3). Despite behavioral evidence for dysfunctional multisensory integration in SSD (Surguladze et al.,
2001; Szycik et al., 2009), several studies report no general
schizophrenia-associated dysfunctions in brain regions relevant
for the processing of speech and gesture (e.g. Straube et al.,
2013b showed comparable effects in patients and healthy control
subjects for integration of iconic coverbal gestures). This is in line
with our ﬁndings in which we could show a similar activation pattern in patients and healthy subjects with differences only being
present in the fusiform gyrus. Yet, in other studies reduced activation in the left IFG, STS or inferior parietal lobe (Thakkar et al.,
2014; Viher et al., 2018) was reported, which we could not ﬁnd.
This could be due to experimental differences, as we looked directly at the difference between multimodal vs. unimodal conditions, while the cited experiments focused exclusively at gesture
or hand action performance. Another possible explanation for
missing differences between patients and controls on fMRI level
could be our small sample size (n = 17). However, multimodal integration processes do not only rely on activation in discrete brain
regions, but particularly on the information transfer between those
regions (Nath and Beauchamp, 2011; Noppeney et al., 2008;
Werner and Noppeney, 2010). Following the disconnectivity hypotheses in schizophrenia, some studies already investigated connectivity during GSI. So far, heterogeneous results have been
reported. There is evidence that basic connectivity in patients is intact (Straube et al., 2013). Our data support this assumption, as the
same winning model results from the connectivity analyses in patients and healthy subjects, suggesting similar processes of information transfer during GSI. Various resting-state and task-based
studies, however, reported heterogeneous results concerning
mainly Default Mode Network (DMN) connectivity. It can be assumed that SSD patients show increased functional (Camchong
et al., 2011; Mannell et al., 2009; Salvador et al., 2010; WhitﬁeldGabrieli et al., 2009) and structural (Camchong et al., 2011) connectivity in rather anterior regions (i.e. medial frontal cortex) of
the DMN. In contrast, functional (Bluhm et al., 2007; Mannell
et al., 2009) and effective connectivity (Zhou et al., 2018) of rather
posterior regions (i.e. posterior cingulate) seems to be decreased in
patients. Furthermore, Wu and colleagues reported decreased
functional connectivity in areas of the language network in patients with schizophrenia (Wu et al., 2017), but again based on
resting-state results. To date, only few studies have investigated
connectivity during GSI in schizophrenia or SSD. It has been reported that patients showed decreased connectivity between frontal and temporal regions during the processing of metaphoric
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gestures (Jeong et al., 2009; Straube et al., 2013b). Recent reports
suggested that temporal regions (i.e. pSTS) are more relevant in
rather unspeciﬁc low-level integration of simple audio-visual
input, e.g. simple sounds and visual stimuli, whereas frontal regions (i.e. IFG) are more relevant for rather complex semantic processing functions, e.g. evaluation of the presented metaphoric
gesture (He et al., 2018a; Straube et al., 2018). This assumption is
further supported by the correlation of concretism, i.e. the understanding of rather complex ﬁgurative speech, and activation of
the IFG in schizophrenia (Straube et al., 2013b). Following the hypothesis that in SSD basic information transfer towards the integration site (pSTS) is disturbed, we found impaired connectivity
from the speech-processing region (left MTG) towards the left
STS, which means that patients showed decreased transfer of
meaningful verbal information during GSI. The clinical signiﬁcance
of this connection is supported by its negative correlations with
SANS subscales and concretism, suggesting that those patients
who show stronger MTG-STS coupling have fewer problems with
social attention and understanding metaphors. Several studies
have already shown concretism, a characteristic feature of Formal
Thought Disorders, to be one of the leading symptoms of SSD and
being correlated to neuronal brain activation (Bergemann et al.,
2008; Iakimova et al., 2010; Kircher et al., 2007). However, we
are the ﬁrst relating these symptoms to the connectivity pattern
during GSI.
This study has to be interpreted in the light of some limitations. First,
patients who participated were mostly medicated, which might have an
inﬂuence on connectivity. Second, the model space we used is restricted
to basic processes during GSI. Extending the model space to further relevant regions, e.g. the IFG (Dick et al., 2012; He et al., 2018b; Straube
et al., 2013b) should be part of future approaches, for example on processing of metaphoric gestures and related abnormalities in SSD
(Straube et al., 2013b). Including rather basic speech perception regions,
e.g. Heschl's gyrus, planum temporale or medial geniculate body
(Brodersen et al., 2011; Schoﬁeld et al., 2012), as well as investigating
differences in interhemispheric effective connectivity between patients
with SSD and healthy participants (Chang et al., 2015, 2019; Li et al.,
2019; Steinmann et al., 2014) would be further possible extensions of
our DCM model space.
Taken together our results demonstrate the relevance of the pSTS as
integration site during GSI. We were able to replicate a model, which reﬂects basic processes of co-verbal speech integration in three independent samples (two samples including healthy participants and one
including patients with SSD) and show, that these processes are generally intact in SSD. However, we provide evidence that patients might
suffer from neural impairments within the verbal pathway during GSI,
which is related to concretism and SANS subscores. This contributes to
a better understanding of the neural basis for interpersonal communication problems in patients with SSD and a possible treatment target in future studies.
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