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A B S T R A C T

Humans integrate information communicated by speech and gestures. Functional magnetic resonance imaging
(fMRI) studies suggest that the posterior superior temporal sulcus (STS) and adjacent gyri are relevant for
multisensory integration. However, a connectivity model representing this essential combinatory process is still
missing. Here, we used dynamic causal modeling for fMRI to analyze the effective connectivity pattern between
middle temporal gyrus (MTG), occipital cortex (OC) and STS associated with auditory verbal, visual gesture-
related, and integrative processing, respectively, to unveil the neural mechanisms underlying integration of
intrinsically meaningful gestures (e.g., “Thumbs-up gesture”) and corresponding speech.

20 participants were presented videos of an actor either performing intrinsic meaningful gestures in the context
of German or Russian sentences, or speaking a German sentence without gesture, while performing a content
judgment task.

The connectivity analyses resulted in a winning model that included bidirectional intrinsic connectivity be-
tween all areas. Furthermore, the model included modulations of both connections to the STS (OC→STS;
MTG→STS), and non-linear modulatory effects of the STS on bidirectional connections between MTG and OC.
Coupling strength in the occipital pathway (OC→STS) correlated with gesture related advantages in task per-
formance, whereas the temporal pathway (MTG→STS) correlated with performance in the speech only condition.
Coupling between MTG and OC correlated negatively with subsequent memory performance for sentences of the
Gesture-German condition.

Our model provides a first step towards a better understanding of speech-gesture integration on network level.
It corroborates the importance of the STS during audio-visual integration by showing that this region inhibits
direct auditory-visual coupling.
1. Introduction

In direct face-to-face communication, gestures are frequently used
together with speech. The listener's brain therefore continuously in-
tegrates auditory speech information with several streams of visual in-
formation, including information from hand gestures (McNeill, 1992).
The field of cognitive neuroscience has become increasingly interested in
how visual information expressed via gestures is integrated with the
auditory information of speech. Previous research has suggested that the
ing Marburg (TNM), Department o

B. Straube).

4 July 2018; Accepted 15 July 20

.

left superior temporal sulcus (STS) and adjacent regions are primarily
responsible for speech gesture integration (e.g., He, et al., 2015). How-
ever, it remains unclear how the different processing streams of visual
and auditory information are integrated and how the STS mediates
multisensory integration. Therefore, we used dynamic causal modeling
(DCM) for fMRI 1) to shed light on the interplay between auditory verbal
and visual gesture related processing nodes in the brain and 2) to
investigate the role of the STS as potential integration site during the
processing of intrinsically meaningful gestures and corresponding
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speech.
Gestures used during interpersonal communication can be catego-

rized according to a variety of criteria (Goldin-Meadow, 2005; McNeill,
2008). One commonly adopted criterion is the degree to which the un-
derstanding of a gesture's meaning is dependent on speech (He et al.,
2015). There are two types of gestures that are meaningful by them-
selves, even when expressed without speech. The first is emblems,
including for example the “thumbs-up” hand motion meaning “this is a
good job” (Ekman and Friesen, 1969); the other type is tool-related ges-
tures/pantomimes such as the dagger-stabbing or hammering hand
movements (Higuchi et al., 2007; Johnson-Frey et al., 2005). Impor-
tantly, these two types of gestures are intrinsically meaningful, and are
commonly used to enrich the semantic representation conveyed by
speech (He et al., 2015). By contrast, there are other gestures such as
iconic (e.g., “the ball is round”) and metaphoric gestures, which can only
be understood properly in the context of speech. For these types of ges-
tures, the semantic integration between gesture and speech is assumed to
be more constructive and complex than for intrinsic meaningful gestures,
because the integration process is built up from visual and auditory in-
puts conveying different/ambiguous semantic representations (e.g.,
McNeill, 1992).

A large number of fMRI studies have investigated the neural corre-
lates of gesture-speech integration. Most of these studies focused on
iconic (Dick et al., 2014; Green et al., 2009; Holle et al., 2008; Holle et al.,
2010; Willems et al., 2007; Willems et al., 2009) and metaphoric gestures
(Kircher et al., 2009; Straube et al., 2011a; Straube et al., 2014a; Straube
et al., 2013; Straube et al., 2009). Just recently also intrinsic meaningful
gestures had been investigated (He et al., 2015). These studies reported
almost unanimously that, the left posterior superior temporal sulcus
(STS) and adjacent regions play an important role in gesture-speech
integration. It has been assumed that, similar to lower-order audio-vi-
sual integration (e.g., Calvert, et al., 2001; Werner and Noppeney, 2010),
the left STS matches the visual-gesture and auditory-speech inputs in a
heteromodal manner (e.g., Willems, et al., 2009). To perform the
hetero-modal matching function the STS has to process meaning not only
from verbal but also visual gesture related information. It is likely that
the STS is able to perform this function considering for example results
from studies focusing on sign-language processing (e.g., Newman, et al.,
2015) and the perception of biological motion (Chang et al., 2018; Pel-
phrey et al., 2005). However, the left inferior frontal gyrus (IFG) seems to
be involved in subsequent, more demanding semantic construction pro-
cesses, e.g., semantic modification/revision, as in the case of icon-
ic/metaphoric gestures (Dick et al., 2014; Holle et al., 2010; Straube
et al., 2011a; Willems et al., 2009). Intrinsic meaningful gestures repre-
sent a special case, as the semantic representations of speech and gesture
are very similar. Thus, during the integration of intrinsic meaningful
gestures and speech, the addressee of the gesture only has to match the
semantic inputs from gesture and speech. Therefore, subsequent se-
mantic modification or revision based on the semantic inputs from both
modalities is usually not necessary, and the STS alone may be sufficient
for integrating intrinsic meaningful gestures and corresponding speech
(He et al., 2015). Thus, for the first step towards the development of a
connectivity model of speech-gesture integration, the less complex
intrinsic meaningful gestures serve as an optimal object of investigation,
and can provide a solid basis for future extensions to more complex cases,
such as the integration of metaphoric gestures and abstract speech
including for example the left IFG as an additional processing node (Dick
et al., 2012; Joue et al., 2017; Kircher et al., 2009; Schülke and Straube,
2017; Straube et al., 2011a; Zhao et al., 2018).

Even though multisensory information processing is one of the most
relevant functions of our brain that had been investigated across a broad
spectrum of tasks and conditions [e.g., from integration of simple audi-
tory and visual information, such as motion or shape (Lewis and Nop-
peney, 2010), lip and phoneme integration (Beauchamp et al., 2010),
integration of auditory and visual object information (Werner and Nop-
peney, 2010), the processing of multisensory action consequences (van
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Kemenade et al., 2016; van Kemenade et al., 2017), integration of
auditory-visual emotional cues (Robins et al., 2009), to speech-gesture
integration (Green et al., 2009; He et al., 2015; Kircher et al., 2009;
Straube et al., 2011a)], there are surprisingly few studies that have
applied connectivity analyses on data from multisensory integration
paradigms. For example, using psychophysiological interaction (PPI)
analyses, changes in connectivity between the posterior superior tem-
poral gyrus (pSTG) and unimodal sensory areas (most relevant) for visual
and auditory emotional input were observed during congruent condi-
tions (Kreifelts et al., 2007; Macaluso et al., 2000). This finding was
interpreted as a backward modulation from multisensory (pSTG) to
unimodal sensory areas, but might also be indicative of more complex
modulatory influences. As a heteromodal area, the STS is a candidate
region, which gates connectivity and thereby information flow between
two other regions during multisensory integration of emotional material
(Pehrs et al., 2014). Such a gating structure has been further supported by
studies applying DCM to cross-modal fMRI data using static pictures of
facial expressions and simple sounds [happy, fearful, sad, neutral (Müller
et al., 2012; Pehrs et al., 2014)]. On a more basic level of shapes and
movements, DCM revealed that audiovisual synchrony increased con-
nectivity between visual and auditory sensory cortices bidirectionally,
whereas shape and motion tasks increased forward connectivity from
visual cortex to lateral occipital cortex or to STS, respectively (Lewis and
Noppeney, 2010). These findings were interpreted in the way that au-
diovisual synchrony may amplify visual activations by strengthening the
connectivity between low level visual and auditory areas to increase the
salience of partially obscured moving objects. These automatic
synchrony-induced response amplifications may then be gated to
higher-order areas according to behavioral relevance and task context.
Such an interpretation suggests a bottom-up processing and partly con-
tradicts the (top-down) gating function of the STS. However, already on
the level of object processing, DCM analyses suggest that the response
amplification in sensory areas is mediated via both direct and indirect
(via STS) connectivity to visual cortices (Werner and Noppeney, 2010)
supporting the mediating role of the STS. Together, the available data
and models suggest both the existence of direct connections between
auditory and visual cortices as well as indirect and bidirectional in-
fluences of the STS on sensory processes. However, such previous work
mostly focused on lower-level multisensory integration, and it remains
unknown whether these models can be applied to the case of
speech-gesture integration, where the audiovisual integration is more
semantic in nature.

The purpose of the current study was to develop a network model for
multisensory gesture-speech integration, considering direct and indirect
pathways as well as non-linear effects of the STS on connectivity between
auditory speech and visual gesture processing nodes. We focused on the
integration of intrinsic meaningful gestures as simple test case where in
addition to auditory verbal and visual gesture processing only the left STS
is relevant (He et al., 2015). We hypothesized that the STS is crucial for
bimodal integration of intrinsic meaningful gestures and speech and
therefore expected modulation effects of the STS either on auditory and
visual processing areas or their connectivity. Effective connectivity
analysis was performed by means of Dynamic Causal Modeling (DCM).
Based on previous analyses, which focused mainly on BOLD response
amplitude instead of connectivity (He et al., 2015), three brain regions
were chosen for the models: middle temporal gyrus (MTG, verbal audi-
tory processing), occipital cortex (OC, visual gesture related processing)
and STS (audiovisual speech-gesture integration). To test for direct and
indirect connections between auditory and visual processing areas as
well as non-linear effects of the STS on intersensory connectivity, 17
different models were defined (Fig. 2). Random-effects Bayesian Model
Selection (BMS) and Model Averaging (BMA) were used to identify the
model fitting the data best and average the parameters over subjects.
Finally, we explored the relationship between model parameters and 1)
individual differences in gesture perception, 2) task performance, and 3)
subsequent memory performance for sentences.
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2. Methods

2.1. Participants

Twenty participants were included in the experiment (7 females,
mean age 25.4 years, range 22–35 years; see (He et al., 2015), where data
were analyzed with focus on BOLD response amplitude only). All par-
ticipants were native German speakers and had no knowledge of Russian
language. All participants were right-handed and had normal or
corrected-to-normal vision. None of the participants reported any hear-
ing deficits. Exclusion criteria were histories of relevant medical or
psychiatric illnesses of the participants. All subjects gave written
informed consent prior to participation in the experiment. The study was
approved by the local ethics committee.
2.2. Materials

The participants were shown video clips of intrinsic meaningful
gestures selected from a large pool of videos (see He et al., 2015, for
further details). Other material from this pool has been used in previous
fMRI studies from our research group, focusing on different aspects of
speech and gesture processing (Green et al., 2009; Kircher et al., 2009;
Straube et al., 2011a; Straube et al., 2010; Straube et al., 2009). In the
current experiment, participants were presented an equal number of
videos of emblematic and tool-related gestures. Both types of gestures
were similar in the sense that they could be comprehended even without
accompanying speech. All videos lasted 5 s and contained only one
Fig. 1. (A) Picture illustration for each of the three experimental conditions (GG, Ge
purposes the spoken German sentences were translated into English and all spoken
Participants performed a content judgment task for each video, indicating via butto
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simple sentence spoken by an actor. The actor was a highly-proficient
early-bilingual German-Russian speaker. In these videos, he performed
either: 1) an intrinsic meaningful gesture in the context of a German
sentence (GG), 2) an intrinsic meaningful gesture in the context of a
Russian sentence (GR), or 3) an isolated German sentence with social
(emblematic) or tool-related content without gestures (SG). Overall, we
used 312 short videos (52 videos per condition� 3 conditions� 2 sets).
Another 26 videos containing Russian sentences with meaningless ges-
tures served as filler videos. Note that this condition was not included in
our further analyses.

Crucially, while the Gesture-German condition (GG) represented the
bimodal condition that allows semantic integration, both the Gesture-
Russian (GR) and speech-only (SG) conditions contain meaningful
input from only one modality (GR for gesture input and SG for speech
input). Additionally, the GR condition provides comparable auditory
input without semantic content (incomprehensible Russian speech).
Similar approaches to obtain an integration effect have proven fruitfully
in previous studies on iconic/metaphoric gestures from our research
group (Green et al., 2009; Kircher et al., 2009; Straube et al., 2011a;
Straube et al., 2013).
2.3. Procedure

During fMRI data acquisition, participants were presented videos of
an actor performing intrinsic meaningful gestures with accompanying
German (GG) or Russian (GR) speech, or only speaking meaningful
German sentences (SG; see Fig. 1 for an example). An experimental block
sture-German; GR, Gesture-Russian; SG, Speech-German). Note: For illustrative
sentences were written into speech bubbles. (B) Illustration of a sample trial.

n press whether a stimulus was either social- or object-related.



Fig. 2. A. Processing of gestures reflected in the contrast
of the Gesture-German and German-Speech condition
(GG> SG). Most prominent activation in the left hemi-
sphere is located in the occipital lobe (OC). B. Processing
of German speech reflected in the contrast of the Gesture-
German and Gesture Russian condition (GG>GR). C.
Speech-Gesture integration reflected in the conjunction
analyses of the contrast depicted in A and B (GG>GR \
GG> SG). D. Overview of the regions of interest (ROIs)
from all subjects that were used to extract time-series for
the connectivity analyses. ROIs comprised the left middle
temporal gyrus (MTG) for auditory processing (green), left
occipital cortex (OC) for visual processing (blue) and left
superior temporal sulcus (STS) for audiovisual integration
(red).
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comprised two 14-min sessions. The stimuli were presented in an event-
related design in pseudo-randomized order and were counterbalanced
across participants. Each video clip was followed by a gray background
with a variable duration of 2154–5846ms (jitter average: 4000ms).
Participants performed a content judgment task, indicating via button
press with the index and middle finger of the left hand, whether an ut-
terance was rather person- or object-related. Crucially, all emblems were
person-related whereas tool-related gestures were object-related. By
performing this task, the participants focused directly on the semantic
representation of the intrinsic meaningful gestures and the correspond-
ing speech. Participants were instructed to respond to the task as soon as
they know the answer.
2.4. Behavioral data

2.4.1. Behavioral data acquisition
During fMRI data acquisition, participants performed a content judg-

ment task, indicating via button press whether an utterance was rather
person- or object-related. Accuracy and reaction times were calculated
for each condition.

Approximately 10min after scanning, without prior notice, partici-
pants completed a paper and pencil test to gauge recognition of the
sentences seen in the experiment. All sentences were presented in written
form. An equal number of modified sentences for each condition were
intermixed with actual sentences presented in the experiment. The sen-
tences were modified only in the word that accompanied the gesture. For
example, the sentence “The girl asks her friend to call” (spreading the
little finger and the thumb next to the head) was modified to “The girl
asks her friend for advice” (see Straube et al., 2011b) for a similar
approach). Participants had to report if they had seen a video in which
that sentence was spoken (indicate “old”) or not (indicate “new”) and
whether the actor accompanied the sentence with a gesture or not.

Finally self-report datawere acquired, regarding individual differences
in gesture perception and production (BAG scale, Nagels, et al., 2015) as
well as regarding potential strategies applied during the task (“I tried to
memorize the sentences” or “I didn't pay any attention to gesture”) and
general engagement (“I tried my best to solve the task”).

2.4.2. Behavioral data analyses
Statistical analyses of data other than fMRI were performed using

SPSS version 25.0 for Windows (IBM SPSS). Paired t-tests, ANOVAs, and
correlation analyses were applied for the analyses. Greenhouse–Geisser
correction was applied whenever necessary. For the memory analyses we
provide in addition to analyses of hits rates (Fig. 2), analyses including
false alarm (FA) rates to account for response biases (see supplementary
material). Furthermore, the discrimination performance (d’), response
criterion (c), and likelihood ratio (b) were calculated following the signal
detection theory (d’¼ z (hits) - z (FA); c¼ -½ [z (hits)þ z (FA)]; b¼½ d’
[z (hits) þ z (FA)]; e.g., Stanislaw and Todorov, 1999). Statistical ana-
lyses are two-tailed with a levels of significance of p< .05.
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2.5. MRI data acquisition

All MRI data were acquired on a 3T scanner (Siemens MRT Trio se-
ries). Functional images were acquired using a T2*-weighted echo planar
image sequence (TR ¼ 2 s, TE ¼ 30 ms, flip angle 90�, slice thickness
4 mm with a 0.36 mm interslice gap, 64 � 64 matrix, FoV 230 mm2, in-
plane resolution 3.59� 3.59mm2, 30 axial slices orientated parallel to
the AC-PC line covering the whole brain). Two sessions of 425 vol were
acquired during the experiment. The onset of each trial was synchronized
to a scanner pulse. For each subject an additional high-resolution
anatomical image was acquired using a T1-weighted magnetization-
prepared rapid gradient-echo (3d MP-RAGE) sequence in sagittal plane
(176 slices, TR¼ 1900ms, TE¼ 2.52ms, 256� 256 matrix, voxel size
1� 1 x 1mm, flip angle 9�).

2.6. fMRI data analysis

MR images were analyzed using Statistical Parametric Mapping
(using SPM12 software from the Wellcome Department of Imaging
Neuroscience, London; http://www.fil.ion.ucl.ac.uk/spm; version:
6685), implemented in Matlab (2017a) (MATLAB, 2017a, MathWorks,
https://www.mathworks.com/products/matlab.htm) standard routines
and templates. After discarding the first five volumes to minimize T1-
saturation effects, all images were co-registered to the anatomical T1
images, spatially realigned, normalized into the MNI space using the MNI
template (resulting voxel size 2� 2� 2 mm3), smoothed (6mm isotropic
Gaussian filter) and high-pass filtered (cut-off period 128 s).

Statistical whole-brain analysis was performed in a two-level, mixed-
effects procedure. In the first level, single-subject BOLD responses were
modeled by a design matrix comprising the time points of each event
[keyword onset (Green et al., 2009; Kircher et al., 2009)] with a duration
of one second for all of the three experimental conditions (GG, GR, SG)
and the two sessions separately. To control for condition specific differ-
ences, the durations of the spoken sentence and performed gesture in
each video were included as parameters of no interest on single trial level
(He et al., 2015). The six realignment parameters (3 rotations and 3
translations) were additionally included as nuisance covariates to ac-
count for residual motion artifacts. The hemodynamic response was
modeled by the canonical hemodynamic response function (HRF).
Parameter estimate (β-) images for the HRF were calculated for each
condition and each subject for both sessions separately. Parameter esti-
mates for the three relevant conditions (GG, GR and SG) from both ses-
sions were passed on to a within-subject flexible factorial analysis.

2.6.1. Contrasts of interest of conventional fMRI analyses
In the current experiment, similar to previous work from our lab

(Green et al., 2009; Straube et al., 2011a), integration is defined as the
increased neural activity due to bimodal (as opposed to unimodal) pro-
cessing of speech and gesture semantics. To identify bimodal integration
activity, we reanalyzed the data from He et al. (2015) with small adap-
tations needed for effective connectivity analyses. 1) We used a more

http://www.fil.ion.ucl.ac.uk/spm
https://www.mathworks.com/products/matlab.htm


B. Straube et al. NeuroImage 181 (2018) 539–549
recent version of SPM (SPM12 vs. SPM 8). 2) We used a slightly different
preprocessing pipeline, i.e. we did not include temporal preprocessing
(slice-time correction), as timing issues are resolved during DCM ana-
lyses. 3) For DCM it is necessary to extract time series at single subject
level. Therefore we only included those subjects in the behavioral and
second-level group analysis, who showed activity above a certain
threshold in the STS, OC and MTG of the respective contrast (see sup-
plement Fig. 1), resulting in a smaller sample (N¼ 16 vs. N¼ 20). The
contrasts of interest are defined as in He et al. (2015). We first subtracted
each the Gesture-Russian and Speech-German condition from the
Gesture-German condition (GG>GR and GG> SG), then we calculated
the conjunction (conjunction null) (Friston et al., 2005; Nichols et al.,
2005) of the bimodal condition in contrast to both ’unimodal’ conditions
(GG>GR\GG> SG; see Fig. 2C). For the conventional fMRI analyses a
Monte-Carlo simulation of the brain volume was employed to establish
an appropriate voxel contiguity threshold (Slotnick and Schacter, 2004).
This correction has the advantage of higher sensitivity to smaller effect
sizes, while still correcting for multiple comparisons across the whole
brain volume. Assuming an individual voxel type I error of p< 0.005, a
cluster extent of 107 contiguous resampled voxels was indicated as
necessary to correct for multiple voxel comparisons at p< 0.05. Whereas
the Gesture-Russian condition serves here as a unimodal gesture condi-
tion delivering semantic information predominantly through the visual
gesture channel, it additionally enables us to control for general bimodal
perceptual processes (auditory/visual input) which are similar in both
GG and GR conditions. In this case, all of our experimental conditions
contain auditory inputs. Although it is commonly suggested that multi-
modal integration is signaled by enhanced activation of multimodal vs.
the summation of unimodal conditions in multi-sensory regions, such
supra- or super-additivity criteria (Calvert et al., 2000; Werner and
Noppeney, 2009) do not apply to our experimental design because we do
not have a genuine visual only condition (He et al., 2015).

2.7. Effective connectivity analysis: dynamic causal modeling

DCM10 as implemented in SPM12 was used to analyze effective
connectivity in a simple audio-visual-integrative (a three-region) brain
network. This approach was chosen to study the neural dynamics un-
derlying speech-gesture integration during processing of intrinsic
meaningful gestures and corresponding speech (GG condition). In the
DCM framework, regional time series are used to analyze connectivity
and especially its modulation by experimental conditions, which is
therefore a suitable approach to test our hypotheses. The focus of DCM is
the modeling of hidden neuronal dynamics to examine the influence that
one neuronal system exerts over another (Friston et al., 2003). Conven-
tional bilinear DCM models three parameters: (i) the impact of experi-
mental stimuli can be modeled directly on specific regions (driving
inputs, C-matrix), (ii) the endogenous coupling between two regions,
which is context independent (intrinsic connections, A-matrix), and (iii)
change of the strength of coupling between two regions driven by an
experimental manipulation (modulatory input, B-matrix). This model
was extended by a non-linear term that describes the influence of activity
in one region on the coupling between two other brain regions (D-matrix,
(Stephan et al., 2008)), which allows in our case to test whether the STS
directly influences the connectivity between visual and auditory pro-
cessing regions. In DCM for fMRI, the modeled neuronal dynamics are
transformed to a hemodynamic response using a hemodynamic forward
model (Friston et al., 2000; Stephan et al., 2007). Random-effects
Bayesian Model Selection (BMS) and Model Averaging (BMA) were
used to identify the model fitting the data best and average the param-
eters over subjects.

2.7.1. Regions and time series extraction
Time series were extracted from the left MTG, left OC and left STS, as

core nodes of our simple audio-visual-integrative (three-region) brain
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network (Fig. 2). The selection of these three regions was supported by
the present univariate results, which replicated the involvement of the
left STS in audiovisual speech-gesture integration (GG>GR\GG> SG)
and additionally showed an effect of processing of speech semantic
(GG>GR) in the left MTG as well as gesture processing in the bilateral
occipital cortices (GG> SG; see Fig. 3A, Fig. 2 and for the effects of the
total sample of N¼ 20, He et al., 2015). Note that time-series were only
extracted from the left hemisphere, as the conjunction analysis revealed
significant activation only in the left STS and adjacent regions.

Regional time series extraction followed a three-step approach taking
into account a combination of functional and anatomical criteria: 1)
Second-level analysis clusters were masked with anatomical regions of
interest (ROIs) (MTG for the auditory contrast (GG>GR); OC for the
visual contrast (GG> SG); STS for the integration contrast
(GG>GR\GG> SG)) taken from the WFU Pick Atlas toolbox (http://
fmri.wfubmc.edu/software/pickatlas) (TD-maps). 2) The resulting
second-level analysis clusters were then used as masks in the first-level
single-subject analyses with the respective contrasts (GG>GR;
GG> SG; GG>GR\GG> SG) and an uncorrected threshold of at least
p< 0.01. 3) The first eigenvariate was extracted from each subject's peak
voxel (MNI coordinates of the highest t-value) within these ROIs sur-
rounded by a sphere of 4mm. Note that four subjects were excluded from
the second-level group analysis as well as the connectivity analysis,
because they did not show activation in relevant brain regions in all
contrasts of interest above the predefined thresholds. Therefore, we
could not extract time-series necessary for the DCM analyses.

2.7.2. Model space
We included three brain regions described above in our models (OC

for visual gesture processing; MTG for auditory speech processing; STS
for integrative processing). As a first step in the DCM analysis, we spec-
ified a model space including 17 different models (M1-M17; see Fig. 3).
All models shared bidirectional intrinsic connections between the three
regions without any modulations (A-matrix). Furthermore, we defined
two new regressors being used as extrinsic driving inputs (C-matrix). The
‘auditory regressor’ was used as input to the MTG and contained all
meaningful auditory speech information (GG and SG condition). The
‘visual regressor’ was used as input to the OC and contained all mean-
ingful visual gesture information (GG and GR condition). The C-matrix as
well as the A-matrix was identical in all 17 models. Note that all condi-
tions in the experiment contained purely visual and auditory informa-
tion. We, however, only used the meaningful auditory and visual input
(excluding Russian sentences and meaningless gestures) for the C-matrix
as we are interested in the integration of accompanying gestures and
speech.

Our model space is further based on the following hypotheses: For the
modulatory input (B-matrix) we used accompanying speech and gesture
information (S þ G) containing only the GG stimuli. Models M1-M4:
S þ G stimuli modulate information processing (B-matrix) equally from
the input regions to the integration region (M1), including further uni-
directional (M2 and M3) or bidirectional modulation (M4) between OC
and MTG. M5-M7: S þ G stimuli only modulate information processing
between OC and MTG, again modulating either unidirectional pathways
(M5 and M6) or bidirectional pathways (M7). M8-M11: S þ G stimuli
modulate information processing in a circular way, where processing is
modulated when either entering the network explicitly via OC (M8 and
M9) or the MTG (M10 and M11). M12-M14: S þ G stimuli do not
modulate information processing directly (no B-matrix included). How-
ever, we hypothesize the presence of a gating effect of the STS on MTG-
OC connectivity resulting in two possible non-linear modulations of STS
on the unidirectional (M12 and M13) or the bidirectional (M14)
connection. This was theoretically and empirically motivated by work
that underlines the role of the STS as heteromodal convergence zone
mediating more complex modulatory influences (Calvert and Thesen,
2004; Pehrs et al., 2014; Werner and Noppeney, 2010). M15-M17: In

http://fmri.wfubmc.edu/software/pickatlas
http://fmri.wfubmc.edu/software/pickatlas


Fig. 3. Model space. 17 unique plausible models were created (see 2.7.2 Model space).
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addition to the non-linear modulations described for models M12-M14,
we hypothesize that S þ G stimuli have modulatory influence on either
one connection from input region to the STS (M15 and M16) or both
connections from OC/MTG to the STS (M17).

2.7.3. Bayesian model comparison
Following model specification and an iterative parameter estimation

(expectation maximization approach; EM) (Friston, 2002), we performed
BayesianModel Selection (BMS) at the single model level. BMS calculates
the posterior evidence according to approximated negative free energy
following Bayes theorem. BMS does not only take into account the ac-
curacy of the resulting model fit, but also model complexity. To a certain
degree more complex models have more free parameters. Beyond a
certain point an increasingly complex model begins to fit noise that is not
task specific and the resulting model evidence decreases. Therefore it is
necessary to use random effects BMS which considers not only variance
between subjects, bus also model complexity (Stephan et al., 2009). To
quantify the results of the Model Selection we calculated and reported
the exceedance probability, which determines the most likely of the 17
models given the measured BOLD activation from all subjects. After BMS
we performed Bayesian Model Averaging (BMA) as group level analysis.
As against other group comparison approaches, like Bayesian Parameter
Averaging (Penny et al., 2010), BMA is a random-effects approach and is
therefore more suited for our purposes. BMA is based on family com-
parisons (Garrido et al., 2007; Hoeting et al., 1999; Neumann and Loh-
mann, 2003). However, as we did not define specific families, BMA was
applied to the best fitting model, averaging the different parameters in-
side the winning model for all subjects. The resulting subject-specific
connectivity parameters are finally entered into one-sample t tests to
be characterized by means of classical statistics (see Table 1).
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3. Results

3.1. Behavioral results

3.1.1. Task performance
Participants were instructed to indicate via button press whether the

actor in the video described and demonstrated a person- or object-related
event. Paired t-tests with Bonferroni correction were performed to
compare GG vs. SG and GG vs. RG, comparable to the contrast of the
conventional fMRI analyses. We found significant difference in accuracy
between the GG and the GR condition (t15¼ 3.371, p¼ .004), but no
difference between GG and SG conditions (t15¼ 1.02, p¼ .324). How-
ever, in all conditions the number of correct responses was higher than
84% (GG¼ 89.54%, GR¼ 84.74%, SG¼ 87.74%), supporting our
assumption that gesture and speech information alone is sufficient to
solve the task. For reaction times, statistics revealed no significant dif-
ference between the GG and the control conditions (GG vs. GR:
t15¼�.240, p¼ .813; GG vs. SG: t15¼�1.947, p¼ .071).

3.1.2. Memory of sentences
The percentage of study items correctly reported as old (hits) was

73.20% (SD¼ 12.21%) for the gesture (GG) and 74.88% (SD¼ 10.78%)
for the speech-only condition (SG), indicating no significant differences
(paired t-test; t(15)¼�1.029; p¼ .32; see Sup. Fig. 3). For analyses of
false alarm (FA) rates and discrimination performance (d’) between old
and new items see supplementary material.

3.1.3. Memory of gestures
The percentage of study items correctly reported as previously seen

with gestures (GG hits) was 78.34% (SD¼ 10.97%) of correct



Table 1
DCM parameters and correlation analyses.

DCM parameter Correlation coefficients and p-values (Spearmen correlation when distribution deviates from the normal distribution)

connection mean SE t-value p-value Acc GG p-value Acc SG p-value Acc GG-SG p-value hits GG-SG p- value GG (hits-FA) p-value SG (hits-FA) p-value BAG p- value

Intrinsic connections (A matrix)
MTG→OC .128 .056 2.301 .036 �.25 .347 .01 .970 -.18 .512 �.07 .797 �.55 .027 �.61 .013 �.42 .109
MTG→STS .227 .043 5.324 .001 �.09 .751 .22 .405 -.45 .082 �.19 .484 �.41 .119 �.43 .094 �.16 .552
OC→MTG .136 .019 7.138 .001 .44 .086 .04 .879 .27 .312 .22 .408 �.17 .541 �.36 .176 �.36 .177
OC→STS .090 .022 4.043 .001 .20 .456 -.17 .524 .20 .459 �.07 .806 �.32 .222 �.47 .065 �.73 .001
STS→MTG �.269 .045 �5.998 .001 -.04 .891 .40 .128 -.33 .218 �.12 .651 .20 .461 .30 .257 .03 .926
STS-→OC �.418 .064 �6.530 .001 .33 .211 -.13 .626 .38 .149 .15 .582 .45 .084 .39 .137 .11 .697
Modulatory influence (B matrix)
MTG→STS �.067 .151 �.447 .661 .33 .211 �.13 .626 .38 .149 �.47 .067 �.10 .722 .18 .495 .51 .046
OC→STS .278 .088 3.169 .006 .15 .567 �.42 .105 .52 .037 .45 .083 .28 .287 .10 .723 �.05 .857
Extrinsic driving inputs (C matrix)
MTG .704 .042 16.883 .001 �.30 .253 .01 .983 �.10 .720 .12 .669 .06 .824 �.01 .979 .04 .896
OC 1.521 .137 11.129 .001 �.57 .022 �.24 .371 �.13 .624 .05 .857 .06 .819 .10 .709 .12 .657
Non-linear effects (D matrix)
MTG-→OC �.343 .125 �2.747 .015 .23 .390 �.14 .607 .18 .497 �.37 .155 �.25 .353 �.15 .583 .03 .913
OC→MTG �.936 .223 �4.203 .001 .02 .930 �.06 .832 .08 .782 �.21 .442 .07 .801 .17 .537 .23 .400
Resulting coupling strength (A þ B þ D)
MTG→STS .160 .147 1.086 .295 .00 .996 .55 .028 �.46 .070 �.54 .033 �.22 .421 .06 .815 .35 .181
OC→STS .368 .085 4.349 .001 .16 .552 �.43 .095 .51 .043 .44 .084 .21 .437 �.02 .928 �.22 .423
MTG→OC �.215 .108 �1.994 .065 .00 .991 �.33 .218 .21 .443 �.47 .067 �.57 .020 �.49 .056 �.23 .390
OC→MTG �.800 .217 �3.685 .002 .11 .673 �.01 .961 .09 .740 �.19 .475 .06 .838 .14 .605 .25 .351

Table 1: DCM parameters and exploratory correlation analyses (uncorrected for multiple comparisons). OC: Occipital cortex, MTG: Middle temporal cortex, STS: superior temporal sulcus; Acc: Accuracy; FA: False alarms;
BAG: Brief assessment of gesture scale (Nagels et al., 2015); SE: Standard error of the mean. GG: Gesture-German, SG: Speech-German/Speech-only.
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remembered items for the gesture condition. In contrast, the proportion
of study items correctly reported as previously seen without gesture (SG
hits) was 40.32% (SD¼ 16.32%) of all correct remembered items for the
speech-only condition, indicating a significant better memory perfor-
mance for the gesture compared to speech-only condition (GG> SG,
paired t-test: t(15)¼ 7.832, p< .001; see Sup. Fig. 3). For analyses of false
alarm (FA) rates and discrimination performance (d’) between old and
new items see supplementary material.

3.2. fMRI results

3.2.1. Conventional fMRI results
For the effect of the Gesture-German in contrast to the Gesture-

Russian condition (GG>GR), we found activation in bilateral middle
temporal gyri, the left middle cingulum, as well as the bilateral angular
gyri (see Fig. 2A). For the effect of the Gesture-German in contrast to the
Speech-German condition (GG> SG), we found activation within the
right-hemisphere extending from the middle temporal gyrus to the fusi-
form gyrus and the middle occipital gyrus. In the left-hemisphere, we
found a large cluster of activation extending from the middle occipital
lobule to the inferior temporal gyrus, as well as activation in the superior
occipital gyrus and the supramarginal gyrus (Fig. 2B). With regard to the
bimodal integration process (GG>GR\GG> SG), we observed activa-
tion in the left STS (Fig. 2C). These results correspond to the previously
published results with the total sample (N¼ 20; see He et al., 2015).
Distinct neural activations for the processing of auditory verbal
(GG>GR) and visual gesture (GG> SG) information in the left anterior
MTG (green) and occipital cortex (OC, blue), respectively are illustrated
in Fig. 4A together with the STS cluster for speech-gesture integration
contrast (red).

3.2.2. DCM results
Looking for the best fitting model within the 17 models, the model

with two non-linear modulations of STS upon bidirectional connectivity
between MTG and OC and with bilinear modulation on MTG to STS and
OC to STS connections (Model M17, see Fig. 3) clearly outperformed all
other 16 models (exceedance probability¼ 82.35%, Supplementary
Figure 3).

The model parameters showed positive connections from MTG and
OC towards the STS and negative connections from the STS towards both
MTG and OC. Resulting bidirectional connections between OC and MTG
were negative, too. The non-linear modulation of the STS resulted in a
strong negative influence upon the bidirectional connectivity between
MTG and OC (D-matrix). With regard to inference on model parameters,
please see Table 1. Bilinear modulations from OC to STS were significant
and reached trend level for MTG to STS. The non-linear modulation of
STS on the connection from OC to MTG and MTG to OC was significantly
negative at trend level (p< .05; see Table 1 and Fig. 4B).
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3.2.3. Correlational analyses
We explored the relation of model parameters to 1) task performance

(accuracy), 2) subsequent memory performance for sentences and 3)
individual differences in gesture perception.

Regarding individual differences in task performance we found a posi-
tive correlation of the gesture related advantage (difference in accuracy:
GG-SG) with the averaged parameters (A-, B- and D-matrix) for excitatory
(Fig. 4, red) effects of the OC on STS (r¼ .51, p¼ .043). By contrast the
excitatory effect of the MTG on STS (A-, B- and D-matrix) was correlated
with the performance in the speech-only condition (accuracy SG; r¼ .55,
p¼ .028).

Regarding individual differences in gesture-related memory advantages
(GG hits – SG hits) we found a significant negative correlation with the
MTG and STS connectivity (Aþ Bmatrix; r¼�.54, p< .033). By contrast
memory effects within the GG condition (hits-false alarms, FA) revealed a
negative correlation with OC-MTG coupling (A-, B- and D-matrix;
r ¼ �.57, p ¼ .021). Importantly, activation increase (BOLD amplitude)
of the STS compared to both control conditions (min (GG > GR &
GG > SG)) was also related to individual differences in gesture related
memory advantages (GG hits – SG hits; r ¼ .639, p ¼ .008), supporting
the relevance of this region for speech-gesture integration.

Regarding individual differences in gesture production and perception
(Nagels et al., 2015) we found a negative correlation with intrinsic
coupling between OC and the STS (A-matrix; r¼�.73, p¼ .001) and a
positive correlation with the bilinear effect of the MTG to the STS
coupling (r¼ .51, p¼ .046).

No significant correlations were observed for control questions
related to the general engagement in the task or general attention to
gesture. Note, all correlation analyses are exploratory and not controlled
for multiple comparisons. For a complete overview of the results, see
Table 1 and illustration of the most relevant correlations see supple-
mentary Figure 1.

4. Discussion

It remains a fascinating yet unresolved open question how the brain is
able to integrate information from different modalities processed in
distinct cortical regions. Especially, the integration of auditory speech
and visual gesture information during natural interpersonal communi-
cation is challenging as this integration occurs on a semantic level. Here,
we used DCM to demonstrate how the STS is connected to and modulates
auditory verbal (in the MTG) and visual gesture related processes (in the
OC) during integration of intrinsically meaningful gestures and corre-
sponding speech. Our model provides a first step towards a better un-
derstanding of speech gesture integration on network level. The model
suggests that auditory-visual coupling strength is modulated via feedback
through STS. The functional relevance of the model is supported by
correlations between specific model parameters and individual differ-
ences in task performance, subsequent memory performance and self-
Fig. 4. A: Regions of interest for processing of
auditory speech semantics (MTG, green), visual
gesture processing (OC, blue) and speech-gesture
integration (STS, red), based on difference con-
trasts between conditions (GG>GR: auditory
processing; GG> SG: visual processing) and
conjunction analyses (GG> SG\GG>GR: inte-
gration), respectively (see Fig. 2). Fig. 4B: The
winning model with averaged parameters (A-, B-
and D-matrix) for inhibitory (green), excitatory
(red) and non-linear (blue) connections. xp < .1,
*p < .05, **p < 0.001.
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reports about gesture perception/production.
Conventional fMRI analyses replicate previously published effects

from a larger sample that had been analyzed with a different pre-
processing pipeline (He et al., 2015). In line with previous studies, the
left STS and adjacent regions could be related to integration processes
(Dick et al., 2014; Green et al., 2009; Holle et al., 2010; Kircher et al.,
2009; Straube et al., 2011a; Straube et al., 2013) as it was more activated
for the GG compared to both control conditions (GR and SG). The acti-
vation difference between GG and the control conditions correlated with
the gesture related memory advantage in the subsequent memory task.
Thus, subjects who showed a strong increase in STS activation compared
to the control conditions had a more pronounced memory advantage for
sentences of the gesture compared to non-gesture conditions. This
finding supports the relevance of the STS for speech and gesture inte-
gration, and is in line with previous findings connecting STS activation
with memory performance (Straube et al., 2009).

Further new mechanistic insights into the role of the STS in speech-
gesture integration arise from the DCM analysis, revealing a winning
model with two non-linear modulations of STS on both MTG-OC and OC-
MTG connectivity, and with bilinear modulation on MTG to STS and OC
to STS connectivity (see Fig. 4). This model clearly outperformed all
other 16 models. The winning model suggests that speech-gesture inte-
gration is a complex process where information from single modalities is
transferred to the STS, which then influences the direct link between
verbal auditory and visual gesture related processes in temporal and
occipital brain regions, respectively. Both direct and indirect (via STS)
connectivity to visual cortices had already been suggested for example on
the level of object processing (Werner and Noppeney, 2010), supporting
the mediating role of the STS. However, here we extended the model
space to non-linear effects from the STS on the connectivity between
modality specific brain regions. Such non-linear modulatory effects of the
STS had been considered during multisensory integration of emotional
material (Pehrs et al., 2014), where the STS and adjacent regions
modulated the connectivity between amygdala and fusiform gyrus.
However, to our knowledge, with the current study we are the first to
provide evidence for such a specific mediating role of the STS in context
of speech-gesture integration.

Regarding the single model parameters, we found excitatory con-
nections from both auditory verbal and visual gesture related brain areas
to the STS, suggesting that information from both modalities is trans-
ferred to the potential integration site. In line with this interpretation we
found modality specific correlations: whereas the occipital pathway
(OC→STS) correlated positively with individual differences in gesture
related advantages in task performance (GG-SG), the temporal pathway
(MTG→STS) correlated with individual differences in task performance
for spoken sentences (without gesture; SG). Thus, subjects with better
performance for GG vs. SG conditions were more likely to have increased
connectivity from OC to the STS, which probably reflects intensified
gathering and communication/transmission of visual information. By
contrast, subjects with high performance in the speech-only condition
were more likely to have increased connectivity from MTG to the STS,
which probably reflects intensified gathering and transmission of audi-
tory information. Moreover the temporal pathway (MTG→STS) corre-
lated negatively with the individual differences in gesture-related
memory advantage (G hits> SG hits). Thus, subjects with a more nega-
tive MTG-STS coupling profited more from gestures during encoding in
the subsequent memory task. As a gesture related memory advantage is
likely to be an effect of a more elaborated binding or integration of
speech and gesture information (Straube et al., 2009; Straube et al.,
2014b), a decreased coupling from MTG to STS can be considered as a
stronger focus on visual information instead of auditory information in
the integration process of speech and gesture.

In contrast to these relatively pronounced excitatory connectivity
effects, weak inhibitory connections were found between MTG and OC
and for the effects of the STS on both MTG and OC. Interestingly the
negative non-linear effects of the STS on MTG-OC and OC-MTG coupling
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suggest that the STS reduced bidirectional communication between
verbal auditory and visual gesture related processes. Similar negative
non-linear parameters had been previously observed for STG on fusiform-
amygdala coupling (Pehrs et al., 2014). There are at least two plausible
explanations for such a negative effect. Either the direct pathway is un-
suitable to connect speech and gesture information and is therefore
actively inhibited so that the STS is the primary merging zone of auditory
and visual information, or a negative connectivity between MTG-OC
induced by the STS reflects a multimodal facilitation process (e.g., OC
works more while the MTGworks less, as OC reduced the working load of
the MTG). Based on the current data, we cannot disentangle both pos-
sibilities and even cannot rule out further explanations. However, in all
cases, the STS plays a mediating role regarding processing in and con-
nectivity between verbal auditory and visual gesture related processes in
MTG and OC respectively. This on its own supports the hypothesis that
STS is a relevant integration site for speech and gesture information.
Further support for the importance of the STS in integrative processes
comes from the positive correlation between individual differences in
gesture-related memory advantages (G hits> SG hits) and the BOLD
activation in the STS, showing its relevance not only on network level. As
consequence of the modulatory function of the STS, the negative
coupling from MTG to OC is further correlated to memory performance
(hits-FA) in the GG condition. This supports the assumption that a
negative coupling between auditory and visual processing region is
functional relevant and potentially a direct effect of successful intrinsic
meaningful gesture integration.

In contrast to these plausible correlations, we found a somewhat
contra-intuitive pattern for individual differences in gesture perception
and production accessed using the BAG scale (Nagels et al., 2015). The
intrinsic coupling between OC and STS was negatively correlated with
the BAG scores, while bilinear MTG→STS coupling was positively
correlated. These data suggest, that subjects with high scores in gesture
production and perception relay less on the occipital pathway (OC→STS)
than on the temporal pathway (MTG→STS). A pattern, which can only be
explained by more efficient processing within the occipital pathway in
subjects with high gesture sensitivity. However, future work regarding
individual differences in gesture perception and production is necessary
to understand the underlying network structure.

Together, these data provide a first plausible model for integration of
intrinsic meaningful gestures with accompanying speech. A limitation of
this study is that only the three most relevant brain regions for intrinsic
meaningful gesture integration had been considered in the development
of the different plausible models. Both speech perception as well as
gesture perception are related to more extensive brain networks
including activations in parietal and prefrontal cortices and not only
activation in temporal (MTG) and occipital (OC) cortices (see Fig. 2).
Thus, the present version of the model represents undoubtedly a
simplified version including only the most relevant processing nodes for
speech and gesture integration. Nevertheless, this model is in line with
previous approaches focusing on multisensory integration and it there-
fore highly interpretable. Furthermore, the validity of the model can be
supported by the exploratory correlation analyses, which link individual
differences in task and subsequent memory performance to related brain
connectivity pattern (auditory verbal pathway: MTG→STS related to
performance for sentences and low gesture advantage in the memory
task; visual gesture related pathway: OC→STS related to gesture advan-
tage in task performance).

The present study has important implications for future work on how
we integrate information communicated by speech and accompanying
arm and hand gestures. Despite the increasing number of studies
regarding speech-gesture integration, a connectivity model representing
this essential combinatory process is missing. Here we provide a first step
towards a better understanding of speech-gesture integration on network
level. Our DCM analyses suggest that auditory-visual coupling strength is
modulated via feedback through STS, and that the effect of this non-
linear modulation (negative MTG→OC coupling) is related to
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subsequent memory performance in the gesture condition (GG). This
model can be used as starting point to investigate more complex settings
of speech-gesture integration, such as the integration of metaphoric
gestures and abstract speech (Kircher et al., 2009; Schülke and Straube,
2017; Straube et al., 2011a) or conditions with conflict between speech
and gesture information (Willems et al., 2007). In both conditions the
model space can be extended to additional brain regions in the frontal
cortex (e.g., left IFG; e.g. Dick et al., 2012; He et al., 2018; Joue et al.,
2017) and the right hemisphere (e.g., right MTG). Especially the
consideration of processes in the right hemisphere will be an important
extension of the model as the right hemispheres is involved in all con-
ditions (see Fig. 2) and is –despite the prominent left dominance (see
Dick et al., 2014, for a review)– a frequent finding in imaging studies on
gesture processing. The right IFG has for example been related to pro-
cessing of unrelated or self-adaptor gestures (Dick et al., 2009; Dick et al.,
2012; Straube et al., 2009) and the right MTG is likely to be involved in
metaphoric gesture processing (Kircher et al., 2009). Other extensions to
the motor cortex could be necessary considering recent findings about
gesture enhancement effects on degraded speech (Drijvers et al., 2018).
However, in some conditions the current model might already be suffi-
cient (e.g., for the integration of iconic gestures) and of specific value to
better understand patients with specific dysfunctions in speech-gesture
integrations [e.g., patients with schizophrenia (Straube et al., 2014a;
Straube et al., 2013) or autism (Hubbard et al., 2012; Silverman et al.,
2010)].
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