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One of the key features of human interpersonal communication is our ability to integrate information
communicated by speech and accompanying gestures. However, it is still not fully understood how this
essential combinatory process is represented in the human brain. Functional magnetic resonance ima-
ging (fMRI) studies have unanimously attested the relevance of activation in the posterior superior
temporal sulcus/middle temporal gyrus (pSTS/MTG), while electroencephalography (EEG) studies have
shown oscillatory activity in specific frequency bands to be associated with multisensory integration. In
the current study, we used fMRI and EEG to separately investigate the anatomical and oscillatory neural
signature of integrating intrinsically meaningful gestures (IMG; e.g. “Thumbs-up gesture”) and corre-
sponding speech (e.g., “The actor did a good job”). In both the fMRI (n¼20) and EEG (n¼20) study,
participants were presented with videos of an actor either: performing IMG in the context of a German
sentence (GG), IMG in the context of a Russian (as a foreign language) sentence (GR), or speaking an
isolated German sentence without gesture (SG). The results of the fMRI experiment confirmed that
gesture–speech processing of IMG activates the posterior MTG (GG4GR∩GG4SG). In the EEG experi-
ment we found that the identical integration process (GG4GR∩GG4SG) is related to a centrally-dis-
tributed alpha (7–13 Hz) power decrease within 700–1400 ms post-onset of the critical word. These new
findings suggest that BOLD response increase in the pMTG and alpha power decrease represent the
neural correlates of integrating intrinsically meaningful gestures with their corresponding speech.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In daily communication, gestures are often used alongside
speech so as to emphasize the meaning of a sentence or to convey
supplementary semantic information. In recent years, the field of
cognitive neuroscience has become increasingly interested in how
visual information expressed via gestures interact with the audi-
tory understanding of speech (for a review, see Andric and Small,
2012). Specifically, neuro-scientific methods such as functional
magnetic resonance imaging (fMRI) and electroencephalography
(EEG) are employed to investigate how humans integrate this
meaningful bimodal input on neuroanatomical and electro-
physiological levels. However, the application of heterogeneous
research designs in present fMRI and EEG studies renders the
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comparison or reciprocal validation of results from different
methods difficult. Furthermore, important oscillatory EEG com-
ponents, which are promising candidates for the identification of
integration or binding processes, had been neglected. To fill this
gap in the present gesture–speech integration literature, the pre-
sent study examines the neural integration of intrinsically mean-
ingful gestures (IMG) alongside speech with separately recorded
fMRI and EEG.

The wide range of gestures used during daily communication
can be categorized according to a variety of criteria (Goldin-Mea-
dow, 2005; McNeill, 2008). One commonly adopted criterion is the
degree to which the understanding of a gesture’s meaning is de-
pendent on speech. On the one hand, there are two types of ges-
tures which are meaningful by themselves, even when expressed
without speech. The first are emblems, including for example the
“thumbs-up” hand motion meaning “this is a good job” (Ekman
and Friesen, 1969); the other type are tool-related gestures/pan-
tomimes such as the dagger-stabbing or hammering hand move-
ments (Higuchi et al., 2007; Johnson-Frey et al., 2005). Crucially,
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these two types of gestures are intrinsically meaningful and are
commonly used as single communication channels, or to enhance
the semantic representation conveyed by speech. For these two
types of gestures (IMG), the semantic representations underlying
gesture and speech are generally identical. On the other hand,
gestures such as iconic and metaphoric gesture can only be
properly understood in the context of speech. For instance, a hand
rolling motion could potentially illustrate a round ball moving
(iconic), however it could also be interpreted as “the story goes on
and on” (metaphoric) when accompanied by a corresponding
verbal utterance (Krauss et al., 1991). For these types of gestures,
the semantic integration can be assumed to be more constructive
and complex than for IMG, because the integration process is built
up from visual and auditory inputs conveying different/ambiguous
semantic representations.

A large number of functional imaging studies have investigated
the neural correlates of gesture–speech integration, however this
line of research mostly focuses on iconic gestures (Dick et al., 2012;
Green et al., 2009; Holle et al., 2008, 2010; Willems et al., 2007,
2009) and metaphoric gestures (Kircher et al., 2009; Straube et al.,
2011). These studies reported almost unanimously that the bi-
lateral posterior superior temporal sulcus/middle temporal gyrus
(pSTS/MTG) and the left inferior frontal gyrus (IFG) are involved in
gesture–speech integration. Additionally, it is proposed that while
the pSTS/MTG is more relevant for integration processes in gen-
eral, the left IFG is activated when more demanding semantic
construction processes, e.g. semantic modification/revision, are
involved (Dick et al., 2012; Holle et al., 2010; Willems et al., 2009).
However, despite occurring quite frequently in daily communica-
tion, the neural integration of IMG (emblems or pantomimes) and
speech is rarely a subject of investigation. Importantly, in the case
of IMG, the semantic representations from both input modalities
are usually identical. As a result, during the integration of IMG and
speech, the addressee of the gesture only has to match the se-
mantic inputs from gesture and speech. This characteristic renders
the integration of IMG and speech distinct from other types of
gestures such as iconic/metaphoric gestures: in the later case,
subsequent semantic modification or revision based on the se-
mantic inputs from both modalities is usually necessary. Thus, in
addition to the extensive literature regarding iconic/metaphoric
gestures, investigating IMG-speech integration could further
complement our understanding of gesture–speech integration in
general.

In contrast to functional imaging studies, there are only few
EEG studies which directly target at gesture–speech integration.
Most electrophysiological investigations of this process are ERP
studies which adopt a mismatch/violation paradigm (e.g. com-
paring congruent gesture–speech utterances with incongruent
combinations) (Habets et al., 2011; Kelly et al., 2010, 2004, 2007;
Özyürek et al., 2007; Wu and Coulson, 2005, 2010). These studies
commonly report an N400 effect for mismatching speech and
gesture, thus supporting the view that the N400 reflects meaning
processing in a very broad sense (Kutas and Federmeier, 2011).
Although this finding is valuable for properly defining the scope of
the N400, the ERP mismatch paradigm is insufficient for the pur-
pose of the current investigation. Firstly, the mismatch/violation
paradigm is confounded by additional cognitive functions such as
conflict resolution or error detection of unnatural stimuli (Green
et al., 2009; Holle et al., 2010); secondly, as alternative accounts
suggest the N400 effect to be related to other processes such as
lexical pre-activation or expectation (Brouwer et al., 2012; DeLong
et al., 2005; Lau et al., 2008; Lotze et al., 2011), simply attributing
the N400 to the semantic integration of speech and gesture would
require further validation. To account for these caveats, the em-
ployment of alternative EEG methods such as time–frequency
analysis investigating brain oscillations could potentially
complement current ERP studies concerning gesture–speech
integration.

Oscillatory synchrony of neuronal assemblies has been con-
sidered as a general mechanism to form transient functional net-
works and to integrate local information (Buzsáki and Draguhn,
2004; Singer, 1999, 2009). To our knowledge, oscillatory studies
investigating the integration of speech and gesture are rare.
However, a substantial amount of research suggests that oscilla-
tory activity in specific frequency bands is functionally related to
multisensory integration, namely, the integration of audio-visual
speech (c.f. Senkowski et al., 2008). Alpha band (7–13 Hz), beta
band (14–30 Hz) as well as the gamma band (430 Hz) activity are
all implicated in multisensory integration, among which gamma
band activity is the most commonly reported (Schneider et al.,
2008; Yuval-Greenberg and Deouell, 2007). Additionally, as ges-
ture–speech integration requires attending to bimodal inputs and
thus produces potentially higher processing costs, alpha band ac-
tivity may be especially relevant (Jensen and Mazaheri, 2010;
Klimesch et al., 2007; van Driel et al., 2014). In fact, with regard to
semantic integration of multimodal inputs, Willems et al. (2008)
reported a power decrease in both gamma and alpha bands for
linguistic and picture mismatches. Although this study did not
directly target at gesture–speech integration and adopted a mis-
match paradigm, the results suggest the potential importance of
alpha and gamma frequency bands during multimodal integration
at a more semantic level. The importance of the alpha band os-
cillation in gesture–speech integration is also suggested by Biau
et al. (In press). In this study, the authors reported reduced phase-
locking value by comparing speech accompanied by beat gesture
vs. unimodal speech.

The purpose of the current study was to investigate the po-
tential neuroanatomical and electrophysiological aspects of ges-
ture–speech integration with respect to IMG. As previous fMRI and
EEG studies on gesture–speech integration usually adopt different
research design, it is therefore important to set up a study utilizing
the strength of both methods to reveal not only the spatial, but
also the oscillatory and temporal aspects of this important cogni-
tive function. More importantly, a study using complimentary
methods may lay the foundation for concurrent EEG-fMRI studies
in the future, which can provide direct and coherent information
concerning the brain dynamics of gesture–speech integration.

We carried out two separately recorded experiments, one
employing fMRI and the other EEG. Neuroanatomically, we hy-
pothesized that the pSTS/MTG is crucial for bimodal integration of
IMG and speech. Regarding the electrophysiological aspects of
gesture–speech integration, we hypothesized that activity in both
alpha and gamma frequency bands may be related to the in-
tegration of IMG and speech. The results of the fMRI experiment
confirmed that the pMTG is activated when gesture and speech is
integrated; in the EEG experiment, time–frequency analysis
showed that alpha power decrease may be an oscillatory indicator
of the integration of IMG and speech.
2. Experiment 1: fMRI

The semantic integration of IMG and corresponding speech has
not yet been intensively investigated. In the only study concerning
this topic, Willems et al. (2009) found that the semantic integra-
tion of pantomime and speech differs from that of iconic gesture
insofar as it only activates the pSTS/MTG, whereas for iconic ges-
ture both the pSTS/MTG and the LIFG were activated. However, it
should be pointed out that the study only contained one sub-type
of IMG and adopted a mismatch paradigm to obtain the integra-
tion effect. In the current study, we instead investigated tool-re-
lated gestures/pantomimes as well as emblems, thus covering the
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entire spectrum of IMG. Additionally, rather than using a mis-
match paradigm, in both our fMRI and EEG experiments partici-
pants were presented with gestures and speech in three congruent
conditions, presenting either meaningful unimodal (visual or au-
ditory) or bimodal input.

Based on previous studies, we hypothesized that integration of
IMG and speech would engender increased activation in the pSTS/
MTG or adjacent areas which were previously shown to be in-
volved in the more general gesture–speech integration process
(Dick et al., 2012; Green et al., 2009; Straube et al., 2011; Willems
et al., 2009).

2.1. Methods

2.1.1. Participants
Twenty participants (7 females, mean age 25.4 years, range 22–

35 years) participated in the study. All participants were native
German speakers and had no knowledge of Russian. All partici-
pants were right-handed (Oldfield, 1971) and had normal or cor-
rected-to-normal vision. None of the participants reported any
hearing 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 ex-
periment. The study was approved by the local ethics committee.

2.1.2. Materials
The participants were shown video clips of IMG selected from a

large pool of videos. 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., 2011, 2010a,b, 2012a,b,
2009). In the current experiment, participants were presented
with an equal number of videos of emblematic and tool-related
gestures as IMG. Both types of gestures are similar in the sense
that they could be comprehended even without accompanying
speech. All videos lasted 5 seconds and contained only one simple
sentence spoken by an actor. The actor was a highly-proficient
early-bilingual German–Russian speaker. In these videos, he per-
formed either: (1) an IMG in the context of a German sentence
(GG), (2) an IMG in the context of a Russian sentence (GR), or (3)
an isolated German sentence with social (emblematic) or tool-
related content without IMG (SG). Overall, we used 312 short vi-
deos (52 videos per condition�3 conditions�2 sets) and another
26 filler videos containing Russian sentences with meaningless
gestures. For an illustration of the videos, please refer to Fig. 1. A
complete list of experimental items is included in Appendix A.

Crucially, while GG represents the bimodal condition which
allows semantic integration, both GR and SG condition contain
meaningful input from only one modality (GR for gesture input
and SG for speech input). Additionally, the GR condition provides
Fig. 1. Picture illustration for each of the three conditions (GG, Gesture-German; GR,
German sentences were translated into English and all spoken sentences were written
comparable auditory input without semantic content (in-
comprehensible Russian speech). Similar approaches to obtain an
integration effect have proven fruitful in previous studies on ico-
nic/metaphoric gestures from our research group (Green et al.,
2009; Kircher et al., 2009; Straube et al., 2011; Straube et al.,
2012a).

For stimulus validation, 20 participants not taking part in the
fMRI study rated each video on a scale from 1 to 7 concerning
understandability and naturalness (1¼very low to 7¼very high).
As an overview, Table 1 includes the mean durations of speech and
gesture as well as the mean ratings of understandability and
naturalness of the items used for the current experiment. A one-
way ANOVA was used to compare stimulus parameters. The mean
duration of speech and gesture did not differ between conditions.

Games–Howell tests were used to compare the ratings of the
chosen videos concerning understandability and naturalness be-
tween the three conditions. Not surprisingly, the understandability
of the video content differed between the Gesture-German and
the Gesture-Russian condition (Mean difference¼3.36, po .001), as
well as between the Gesture-Russian and the Speech-German
conditions (Mean difference¼3.11, po .001). This is simply based
on the fact that all subjects were native speakers of German
without any knowledge of Russian. However, a mean under-
standability of 3.47 for GR shows that the IMG used here were still
considered meaningful. Furthermore, the Gesture-German condi-
tion was rated more understandable than the Speech-German
condition (Mean difference¼0.25, po .001). This is in-line with the
assumption that IMG and meaningful speech is more easily un-
derstood when presented together.

Videos depicting the Gesture-German condition were rated
more natural than the Gesture-Russian condition (Mean
difference¼0.91, po .001) and the Speech-German condition
(Mean difference¼1.71, po .001). Also, the videos of the Gesture-
Russian condition are rated more natural than the Speech-German
condition (Mean difference¼0.80, po .001). However, all condi-
tions were rated with 3.5 or higher, thus being considered at least
moderately natural. Findings also show that participants preferred
bimodal stimuli despite not understanding the actual words of GR.

There were no significant differences in stimulus parameters,
speech and gesture duration. Of note, we coded the duration of the
gestures from the onset to the offset of the entire gesture move-
ment (see Table 1).

2.1.3. Procedure
During fMRI as well as EEG data acquisition (see below), par-

ticipants were presented with videos of an actor performing IMG
with accompanying German (GG) or Russian (GR) speech, or only
speaking meaningful German sentences (SG). An experimental
session comprised 182 videos (52 for each condition and 26 ad-
ditional filler videos) and consisted of two 14-minute blocks. Each
Gesture-Russian; SG, Speech-German). Note: For illustrative purposes the spoken
into speech bubbles.



Table 1
Stimulus parameters as well as rating evaluations for the three experimental conditions.

Condition N Stimulus parameter Rating evaluations

Speech duration Gesture duration Understandability Naturalness

Mean SD Mean SD Mean SD Mean SD

Gesture-German (GG) 104 2.25 0.42 2.68 0.56 6.83 0.15 5.30 0.39
Gesture-Russian (GR) 104 2.19 0.38 2.64 0.54 3.47 0.71 4.39 0.49
Speech-German (SG) 104 2.32 0.36 6.58 0.19 3.59 0.49

SD, standard deviation; N¼52 videosn 2 sets.

Fig. 2. The activation pattern for the meaningful bimodal condition in contrast to
the Gesture-Russian condition (GG4GR, top panel) and Speech-German condition
(GG4SG, middle panel) as well as the integration effect reflected by conjunction
analysis (GG4GR∩GG4SG, bottom panel). In Panel C, the bar graph indicates the
percentage signal change (PSC) of the left pMTG (19 voxels), standard errors are
indicated with the error bar.
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block contained 91 trials with a matched number of items from
each condition (26) and 13 filler trials which displayed mean-
ingless gestures with Russian speech. 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 2154–5846 ms
(jitter average: 4000 ms). Participants performed a content judg-
ment task, indicating via button press whether an utterance was
rather person- or object-related (see Fig. 1). Crucially, all emblems
are person-related whereas tool-related gestures are object-re-
lated. By performing this task, the participants focused directly on
the semantic representation of the IMG and the corresponding
speech. Participants were instructed to respond to the task as soon
as they know the answer.

2.1.4. fMRI data acquisition
All MRI data were acquired on a 3T scanner (Siemens MRT Trio

series). Functional images were acquired using a T2-weighted echo
planar image sequence (TR¼2s, TE¼30 ms, flip angle 90°, slice
thickness 4 mmwith a 0.36 mm interslice gap, 64�64 matrix, FoV
230 mm, in-plane resolution 3.59�3.59 mm2, 30 axial slices or-
ientated parallel to the AC-PC line covering the whole brain). Two
runs of 425 volumes were acquired during the experiment. The
onset of each trial was synchronized to a scanner pulse.

2.1.5. MRI data analysis
MR images were analyzed using Statistical Parametric Mapping

(SPM8) standard routines and templates (www.fil.ion.ucl.ac.uk/
spm/). After discarding the first five volumes to minimize T1-sa-
turation effects, all images were spatially and temporally rea-
ligned, normalized into the MNI space using the MNI template
(resulting voxel size 2�2�2 mm3), smoothed (8 mm 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 of each sentence as used in pre-
vious event-related fMRI studies, e.g. Green et al., 2009; Kircher
et al., 2009) with duration of one second of all experimental
conditions. The micro-time onset was set to the average time bin
(8 of 16) to align the onset-vector to the slide in the middle of the
brain. This should lead to the highest temporal accuracy of the
onsets for fronto-temporal brain regions. As an additional factor,
each video phase was modeled as a mini-block with 5 s duration,
to account for general video processing across conditions (Straube
et al., 2013). To control for condition specific differences in speech
and gesture duration, this stimulus characteristic was used as a
parameter of no interest on a single trial level. The six movement
regressors (3 rotations and 3 translations) were entered in the
single-subject’s model to account for movement induced effects
on fMRI results. The hemodynamic response was modeled by the
canonical hemodynamic response function (HRF). Parameter esti-
mate (ß-) images for the HRF were calculated for each condition
and each subject. Parameter estimates for the three relevant
conditions were entered into a within-subject flexible factorial
ANOVA. The percent signal change for each condition (see Fig. 2)
were calculated the using the Marsbar toolbox (http://marsbar.
sourceforge.net/) for SPM8.

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 sen-
sitivity to smaller effect sizes, while still correcting for multiple
comparisons across the whole brain volume. Assuming an in-
dividual voxel type I error of po0.001, a cluster extent of 50
contiguous resampled voxels was indicated as necessary to correct
for multiple voxel comparisons at po0.05. This cluster-threshold
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(based on the whole brain volume) has been applied to all dif-
ference contrasts. For the conjunction analyses a threshold of
po0.001 with a cluster extent of 10 voxels was used, to identify an
overlap between the two independently significant difference
contrasts. The reported voxel coordinates of activation peaks are
located in MNI space. For the anatomical localization, functional
data were referenced to probabilistic cytoarchitectonic maps
(Eickhoff et al., 2005) and the AAL toolbox (Tzourio-Mazoyer et al.,
2002).

2.1.6. Contrasts of interest
In the current experiment, similar to previous work from our

lab (Green et al., 2009; Straube et al., 2011), integration is defined
as the increased neural activity due to bimodal (as opposed to
unimodal) processing of speech and gesture semantics. To identify
bimodal integration activity, we firstly subtracted each the Ges-
ture-Russian and Speech-German condition from the Gesture-
German condition (GG4GR and GG4SG), then we calculated the
conjunction (Nichols et al., 2005) of the bimodal condition in
contrast to both `unimodal` conditions (GG4GR∩GG4SG).
Whereas the Gesture-Russian condition serves here as a unimodal
gesture condition which delivers semantic information pre-
dominantly 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 con-
ditions. In this case, all of our experimental conditions contain
auditory inputs. Therefore, although it is commonly suggested that
multimodal integration is signaled by enhanced activation of
multimodal vs. the summation of unimodal conditions in multi-
sensory regions such as superior temporal sulcus and superior
temporal gyrus, such supra- or supera-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.
2.2. Results

2.2.1. Behavioral results
Participants were instructed to indicate via button press whe-

ther the actor in the video described and demonstrated a person-
or object-related event. Means and standard deviations of correct
responses and their reaction times are listed in Table 2. A Fried-
man test followed by Wilcoxon tests with Bonferroni correction
revealed that the difference in accuracy across the three conditions
is significant (χ2 (2)¼10.89, po0.005), due to a reduced number
of correct responses in the GR condition (GG4GR: Z¼3.23,
po .0167; SG4GR: Z¼2.44, po .0167). However, in all conditions
the number of correct responses was higher than 82% and no
difference was observed between GG and SG. Thus, comprehen-
sion was generally high and comparable across conditions. For
reaction times, statistics revealed no significant difference be-
tween the three conditions.
Table 2
Results for the behavioral task in Experiment 1 (fMRI experiment).

Condition Correct response (%) Reaction times (ms)

Mean SD Mean SD

Gesture-German (GG) 89.81 5.65 3651.33 881.36
Gesture-Russian (GR) 83.85 7.34 3698.80 806.52
Speech-German (SG) 88.27 7.46 3765.07 840.07

SD, standard deviation; Reaction times were measured in reference to each video
onset (full video length: 5 s).
2.2.2. fMRI results
For the effect of the Gesture-German in contrast to the Gesture-

Russian condition (GG4GR), we found activation in bilateral
middle temporal gyri, the left middle cingulum, as well as the
bilateral angular gyri (see Table 3, and Fig. 2a). For the effect of the
Gesture-German in contrast to the Speech-German condition
(GG4SG), we found activation within the right-hemisphere ex-
tending from the middle temporal gyrus to the fusiform gyrus and
the middle occipital gyrus. In the left-hemisphere, we found a
large cluster of activation extending from the middle occipital lo-
bule to the inferior temporal gyrus, as well as activation in the
superior occipital gyrus and the supramarginal gyrus (see Table 3,
and Fig. 2b). With regard to the bimodal integration process
(GG4GR∩GG4SG), we observed activation of the left posterior
middle temporal gyrus (see Table 3 and Fig. 2c). Crucially, for bi-
modal integration, we found increased activation only within the
left posterior MTG, as illustrated in Fig. 2c.

2.3. Discussion

The purpose of Experiment 1 was to investigate the spatial
neural correlates of IMG-speech integration, which is assumed to
involve more general bimodal processes than the integration of
iconic/metaphoric gestures. Besides the simple contrasts showing
general speech-related (GG4GR) and gesture-related (GG4SG)
modality difference, the conjunction analysis (GG4GR∩GG4SG)
revealed an increased activation in the left pMTG. Additionally, no
significant activation difference in the left IFG was observed. Our
results thus mirror previous literature concerning the neural in-
tegration of pantomimes which reported heightened activation
only in the left pSTS/MTG but not the left IFG (Willems et al.,
2009).

The pSTS/MTG is a crucial area for multimodal integration and
is considered as the brain region within which common object
representations are formulated from two input modalities (Amedi
et al., 2005; Beauchamp et al., 2004; Calvert et al., 2000; Calvert
and Thesen, 2004). Not surprisingly, since the understanding of
co-speech-gesture also requires the integration of inputs from
both visual and auditory modalities, the pSTS/MTG has been found
to be involved in the integration of speech and beat gestures
(Hubbard et al., 2009), iconic gestures (Dick et al., 2009, 2012;
Green et al., 2009; Holle et al., 2008, 2010; Straube et al., 2011;
Willems et al., 2009), metaphoric gestures (Kircher et al., 2009;
Straube et al., 2011) as well as the less studied pantomimes
(Willems et al., 2009). The unanimous finding of activation in the
pSTS/MTG for various types of gestures suggests that the pSTS/
MTG may be involved in a more general gesture–speech integra-
tion process which is not as strongly influenced by the semantic
relationship between gesture and speech. In the present study, we
found that the pSTS/MTG is also involved in the integration of IMG
and speech, whereas IMG are a type of gesture which requires
fewer subsequent semantic construction processes. Therefore, by
examining IMG, we were able to complement previous studies on
different gesture types and corroborate the functional role of the
pSTS/MTG during gesture–speech integration.

In our fMRI experiment, we did not observe increased activa-
tion in the left IFG. However, this null effect may not be considered
as evidence against the functional importance of the left IFG in
gesture–speech integration. Previous literature commonly sug-
gests that the left IFG is closely related to a subsequent semantic
modification/revision process (Dick et al., 2012; Holle et al., 2010;
Willems et al., 2009). In the current study, as we only looked at
IMG whose meaning is more independent, and usually identical to
the meaning of the corresponding speech, the need for any po-
tential subsequent modification/revision is minimized. Therefore,
it is likely that no strong involvement of the left IFG is necessary.



Table 3
Activation peaks and anatomical regions comprising activated clusters for the contrasts representing effects of bimodal integration.

Contrast Anatomical regions/hem. No. Peak MNI coordinates t-value

Voxels x y z

GG4GR Middle temporal pole L 1067 �50 12 �32 9.40n

Middle cingulum L 897 �8 �46 36 6.83n

Middle temporal gyrus L 361 �58 �42 �6 6.00n

Angular gyrus L 817 �40 �60 26 5.99n

Mmiddle temporal gyrus R 372 52 �6 �24 5.14n

Superior frontal gyrus L 373 �8 54 38 4.60n

Parahippocampal gyrus L 66 �26 �26 �20 4.12
Angular gyrus R 74 58 �64 30 4.06

GG4SG Middle temporal gyrus R 9437 50 �60 0 20.96n

Middle occipital gyrus L 6861 �48 �74 4 20.91n

Supramarginal gyrus L 565 �58 �34 32 5.71n

Hippocampus L 123 �18 �30 �2 4.91
Thalamus R 177 18 �26 �4 4.84
Inferior frontal gyrus R 88 44 12 26 3.88
Superior parietal gyrus L 180 �38 �50 64 3.84

GG4GR∩GG4SG Middle temporal gyrus L 19 �40 �54 16 4.09

This table lists the respective contrast, anatomical regions, cluster size, MNI coordinates and t-values for each significant activation (po0.05 Monte-Carlo cluster-threshold
corrected, po0.001 uncorrected and 50 voxels). Clusters marked with asterisks indicate statistical significance at the po0.05 level (FWE corrected). MNI: Montreal Neu-
rological Institute, L: left, R: right.
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Thus, our results are compatible with the proposals suggesting
differential functional roles for the pSTS/MTG and left IFG (Dick
et al., 2012; Green et al., 2009; Holle et al., 2010; Straube et al.,
2012a; Willems et al., 2009).

A potential confound of our integration effect lies in the fact
that we employed the GR condition as the unimodal visual con-
dition. Previous research suggests that during multisensory in-
tegration, processing an unfamiliar and foreign language is dif-
ferent from that of native language (Barrós-Loscertales et al.,
2013). Thus, the GG and GR comparison may involve language
differences besides audio-visual integration. However interest-
ingly, Barrós-Loscertales et al. also reported that the role of the
pSTS during multisensory integration is insensitive to the native/
foreign language manipulation; this in turn corroborates the im-
portance of the pSTS/MTG.

In summary, by investigating the neural correlates of the in-
tegration between IMG and corresponding speech, we have shown
that the integration of IMG with speech leads to increased acti-
vation of the left pMTG. Echoing previous literature, we conclude
that the pSTS/MTG is crucial for a more general gesture–speech
process, but may not be relevant for the subsequent semantic
construction processes.
3. Experiment 2: EEG

In Experiment 1, we investigated IMG-speech integration by
carrying out a BOLD-fMRI study. In the relevant literature, fMRI
studies have contributed to a more precise understanding of the
critical brain areas that are involved in gesture–speech integration.
However, to date, the oscillatory and temporal aspects of this
process have not been given much attention. In the introduction
section, we reviewed a number of ERP studies suggesting that
gesture–speech integration is related to the N400 component
which is assumed to reflect semantic integration in general (Ha-
bets et al., 2011; Kelly et al., 2010, 2004, 2007; Özyürek et al.,
2007; Wu and Coulson, 2005, 2010). Taking a step further, we
suggest that an EEG study which investigates brain oscillations
would further complement current literature and refine our un-
derstanding of the underlying neural mechanisms. Experiment
2 was set up specifically to serve this purpose.
In the EEG experiment, we used the exact same procedure and

video material as in Experiment 1. By carrying out a time–fre-
quency decomposition, we defined the potential integration effect
through analyses similar to the conjunction analysis in the fMRI
experiment: the experimental effect is represented as the com-
monly significant time–frequency-channel clusters from two in-
dividual comparisons between the bimodal and the `unimodal`
conditions (GG-GR and GG-SG): although both contrasts may
predominantly reflect modality difference between conditions, if
we assume that an integrative process takes place only in the GG
condition, this process could be observed as a time–frequency-
cluster in both contrasts. We hypothesized that a gamma band
power increase is likely to be observed only in the GG condition
because this mechanism has been reported as reflecting cross-
modal semantic matching processes (Senkowski et al., 2008).
Furthermore, an alpha band power decrease was expected based
on previous literature concerning multimodal integration (Will-
ems et al., 2008) and studies showing that the integration of bi-
modal stimuli produces higher attentional demands (Foxe and
Snyder, 2011; Hanslmayr et al., 2011; Jensen and Mazaheri, 2010;
Klimesch et al., 2007). Additionally, we considered that the GG-GR
comparison may potentially elicit native vs. foreign language
comprehension effects in the gamma band (Peña and Melloni,
2012); as for the GG-SG comparison, it is likely that additional
efforts concentrated on action observation would lead to a sen-
sorimotor-related power decrease in alpha and/or beta bands
(Avanzini et al., 2012; Quandt et al., 2012).

3.1. Methods

3.1.1. Participants
Twenty participants who did not participate in the fMRI ex-

periment (14 females, mean age 24.1 years, range 19–34 years)
participated in the EEG experiment. All participants were native
German speakers and had no knowledge of Russian. All partici-
pants were right-handed (Oldfield, 1971) and had normal or cor-
rected-to-normal vision. None of the participants reported any
hearing deficits. Exclusion criteria were histories of relevant



Table 4
Results for the behavioral task in Experiment 2 (EEG experiment).

Condition Correct response (%) Reaction times (ms)

Mean SD Mean SD

Gesture-German (GG) 88.56 5.56 3439.08 753.69
Gesture-Russian (GR) 87.31 6.96 3575.04 832.88
Speech-German (SG) 89.13 6.09 3607.70 705.81
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medical or psychiatric illnesses of the participants. All subjects
gave written informed consent prior to participation in the ex-
periment. The study was approved by the local ethics committee.

3.1.2. Materials
The material used was identical to that of Experiment 1.

3.1.3. Procedure
After participants gave written informed consent, an EEG-cap

(Brain Products GmbH, Munich, Germany) was fastened to the
participant’s head and the electrodes were attached at their ac-
cording sites. Abrasive electrode gel was administered and care
was taken to keep all impedances below 5 kΩ. Participants were
comfortably seated in front of a standard 1900 TFT monitor. The
presentation of the experimental stimuli as well as the task was
identical to that of Experiment 1.

3.1.4. EEG data acquisition
EEG was acquired from 29 sintered Ag/AgCl Electrodes attached

to the BrainCap (Brain Products GmbH, Munich, Germany) ac-
cording to the international 10-20-System (Jasper, 1958), extended
by additional electrode placements (FC1, FC2, FC5, FC6, CP1, CP2,
CP5, CP6, TP9 and TP10). The reference electrode was located at
the vertex between Fz and Cz and the ground electrode was lo-
cated at the forehead in front of Fz. All input impedances were
kept below 5 kΩ. Additionally, the vertical electrooculogram
(VEOG) was recorded from one electrode located underneath the
left eye.

The ‘Brain Amp’ (Brain Products) amplifier was used to sample
data at 500 Hz with a resolution of 0.1 mV. Data were analogously
pass band filtered between 0.016 and 250 Hz during recording.
Trigger signals from stimulation and participants responses were
acquired together with the EEG using the BrainVision Recorder
software (Brain Products GmbH, Munich, Germany).

3.1.5. EEG data analysis
All analyses were carried out using the BrainVision Analyzer

software (Brain Products GmbH, Munich, Germany) and the
Fieldtrip toolbox for EEG/MEG analysis (Oostenveld et al., 2011).
Data were firstly high-pass filtered at 0.1 Hz and low-pass filtered
at 125 Hz and then re-referenced to the average of the two mas-
toids (TP9 and TP 10). EOG and muscle artifacts were identified
and rejected via an infomax independent component analysis.
Then the raw EEG was segmented into �0.5–1.5 s segments
around the onset of each critical word (the word during which the
meaning of gesture and speech coincides, such as good in the
sentence “the actor did a good job”). Although both speech and
gesture inputs are long and continuous, the onset of the critical
word is considered to be most important for the temporal syn-
chronization between speech and gesture (Habets et al., 2011;
Obermeier and Gunter, 2014; Obermeier et al., 2011), and it is
chosen as the time point for ERP studies targeting at gesture–
speech integration (Kelly et al., 2004; Özyürek et al., 2007; Wu and
Coulson, 2005, 2010). Thus, in the current study, we also modeled
the activity around the onset of the critical word to make our re-
sults more comparable to previous studies. The average onset of
critical words for all video clips was 1.16 s after the beginning of
the video (standard deviation¼0.54 s). After the segmentation,
additional jump artifacts were automatically detected and rejected
based on the amplitude distribution across trials and channels (as
implemented in Fieldtrip toolbox). Cutoffs for the jump artifacts
were set at z¼20. The average number of trials were 39.7 (out of
52), with no significant difference between conditions.

In order to reveal event-related power oscillations of the EEG,
time-frequency representations (TFRs) of the single trial data were
computed. TFRs were computed in two different but partially
overlapping frequency ranges to optimize the trade-off between
time and frequency resolution. In the low frequency range (2–
30 Hz) a constant Hanning taper of 400 ms was used to compute
power changes in frequency steps of 1 Hz and time steps of 0.05 s;
in the high frequency range (25–80 Hz), the time-frequency ana-
lysis was carried out using a multi-taper approach with frequency
steps of 2.5 Hz and time steps of 0.05 s (Mitra and Pesaran, 1999).
For statistical analyses, a mass cluster permutation test was carried
out on the baseline-corrected (�0.5 to �0.15 s) relative power
changes. The baseline correction was applied to ensure that the
comparison between conditions does not reflect the mere mod-
ality differences. The procedure of the statistical analysis is briefly
described in the following (for detailed description of the statis-
tical procedure, see Maris and Oostenveld, 2007): firstly, for every
data point (time-frequency-channel point), a simple dependent-
samples t-test is performed which results in uncorrected p values.
Secondly, all significant data points (po .05) are grouped as clus-
ters (here: clusters of at least three neighboring electrodes with
maximum distance of 2.5 cm). For each cluster the sum of the t-
statistics is used in the cluster-level statistics. Finally, a Monte-
Carlo non-parametrical permutation method with 1000 repeti-
tions is implemented to estimate type I-error controlled cluster
significance probabilities (po .05) in the time–frequency-channel
space.

3.2. Results

3.2.1. Behavioral results
Participants were instructed to indicate via button press whe-

ther the actor in the video described and demonstrated a person-
or object-related action. Means and standard deviations of the
correct responses and their reaction times are listed in Table 4. A
Friedman test did not reveal reliable significant differences in ac-
curacy between conditions. For the reaction times a significant
effect was revealed by a within-subject ANOVA (F(1.42, 26.97)¼5.67,
pcorro0.05). Resolving the interaction, dependent t-tests with
Bonferroni adjustment showed that responses were faster for vi-
deos containing German sentences and gestures than for those
containing only German sentences (GG4SG: t(19)¼�5.23,
p4 .0167). Similar to the results in the fMRI experiment, the be-
havior performance of the EEG experiment was generally high,
with at least 87% correct responses. The average reaction time was
more than two seconds after the onset of the critical word. In this
case, we could ensure a minimal interference effect from the
button press (motor preparation and execution) to the critical EEG
segments (�0.5–1.5 s).

3.2.2. EEG results
As we were interested in the integration of speech and gesture,

we directly compared the meaningful bimodal condition (GG)
with the two conditions that contain only one comprehendible
modality (GR and SG). For the comparison between the GG and GR
condition, no significant cluster was observed in the high fre-
quency range (25–80 Hz); as for the low frequency range (2–
30 Hz), we observed a significant negative cluster (p¼ .036). This
cluster was reflected as power decrease for the GG condition in the



Fig. 3. Results of the TF analysis in the GG vs. GR conditions. (A) TFRs for GG (left) and GR (right) conditions at electrode Cz (up) and Pz (bottom) in the low frequency range.
The statistically significant time–frequency cluster is outlined (po .05). (B) The scalp distribution in the alpha band (10 Hz) contrast (GG vs. GR) in the 0.7–1.4 s time interval.
The electrodes which form the significant cluster between the comparison of the two conditions (po .05, Monte-Carlo corrected) are marked with “n” on the topographic
plot. T-values are displayed with the colormap. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Results of the TF analysis in the GG vs. SG conditions. (A) TFRs for GG (left) and SG (right) conditions at electrode Cz (up) and Pz (bottom) in the low frequency range.
The statistically significant time-frequency cluster is outlined (po .05, Monte-Carlo corrected). (B) The scalp distribution of the contrast (GG vs. SG) in the alpha band (10 Hz)
in the 0.4–1.4s time interval (up) and in the beta band (20 Hz) in the 0.2–1.0 s time interval (bottom). The electrodes which form the significant cluster between the
comparison of the two conditions (po .05, Monte-Carlo corrected) are marked with “n” on the topographic plot. T-values are displayed with the colormap. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (A) The common averaged TF representations for the electrodes Fz, F4, and Cz in the three experimental conditions. (B) The averaged (across trials and subjects)
relative power changes for the alpha (10 Hz) and the beta (20 Hz) band for the three experimental conditions in the 0.7–1.4 s time interval at the three electrodes (Fz, F4, and
Cz). For alpha (left) we found a power decrease for the bimodal condition (GG) in comparison to the other two conditions (GG-GR and GG-SG; po .05). For beta (right) we
found a decrease for both gesture conditions (GG and GR) in contrast to SG (GG-SG and GR-SG; po .05). The standard error within each condition is displayed with the error
bar.
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alpha frequency band (7–13 Hz), elapsing between 0.7 and 1.4 s.
This alpha band effect is centrally-distributed, and is significant in
four neighboring electrodes (Fz, F4, Cz, C4), as illustrated in Fig. 3.

For the comparison between the GG and SG condition, again,
no significant cluster was observed in the high frequency range
(25–80 Hz). In the low frequency range (2–30 Hz), we observed a
negative cluster (p¼ .0001). This cluster includes power changes in
two frequency bands: in the alpha band (7–13 Hz), the power
decrease of the GG condition ranges between 0.4 and 1.4 s, and
this effect in the alpha band is widely distributed; in the beta band
(14–30 Hz), GG showed a power decrease from 0.2 to 1.0 s, this
effect has a fronto-central scalp distribution. The negative cluster
is illustrated in Fig. 4. Importantly, comparing the results from the
two comparisons, we found that the bimodal condition (GG)
showed an alpha power decrease in comparison to both ‘unim-
odal’ conditions (GR and SG). This alpha power decrease ranges
between 0.7 and 1.4 seconds and has a frontal-centrally scalp
distribution (Fz, F4, and Cz). As illustrated in Fig. 5, the alpha
power change relative to the baseline for the GG condition is more
negative than that of the GR and SG conditions. By contrast, no
difference between GG and GR was observed in the beta power
range (see Figs. 3 and 5), but these two conditions together
showed beta band difference when compared with the SG
condition

We additionally compared the GR and SG condition. The results
of this comparison are reported in Appendix B.

3.3. Discussion

Experiment 2 aimed to reveal the oscillatory neural signatures
of IMG-speech integration. By comparing the GG and the GR
conditions, we observed a centrally-distributed alpha power
decrease elapsing between 0.7 and 1.4 s. For the comparison be-
tween the GG and the SG conditions, a widely distributed alpha
power decrease (0.4–1.4 s) and a fronto-central beta power de-
crease (0.2–1.2 s) were observed. Together, the bimodal GG con-
dition induced a late (0.7–1.4 s) power decrease in the alpha band
with a central topography in comparison to the both conditions
which contains only semantic inputs from one modality (GR and
SG). This alpha band effect may be considered evidence of an os-
cillatory correlate of the gesture–speech integration process.

Alpha activity was first discovered in the early twentieth cen-
tury by Berger (1929), and has classically been interpreted as the
signal for “cortical idling” (Pfurtscheller et al., 1996). Recent ad-
vances suggest that alpha band activity is closely related to
memory, attention, and sensorimotor activities and therefore al-
pha activity is shown to be functionally related (Jensen et al.,
2002; Obleser and Weisz, 2012; Perry and Bentin, 2009; Quandt
et al., 2012; Shahin et al., 2009). With regard to multimodal in-
tegration, however, the direct relevance of the alpha band activity
has rarely been reported. A series of studies has investigated the
role of alpha activity during intersensory shifts (Foxe et al., 1998;
Fu et al., 2001). In these studies, subjects had to switch attention
between one and the other unisensory stimuli; however, they did
not have to constantly integrate multimodal inputs. A more re-
levant study is reported by Willems et al. (2008). In this study,
subjects were presented with in/congruous word or picture sti-
muli with respect to the preceding sentence context. The results
revealed power decrease in the alpha band for the word mismatch,
thus implicating the role of alpha activity in semantic integration
or more general semantic processes (Roehm et al., 2001). However,
this study does not involve any gesture conditions, and the word
and picture inputs in this study do not have to be integrated.
Additionally, our experiment differs from this study in the sense
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that we did not employ the mismatch paradigm. Instead, our bi-
modal condition (GG) commonly elicited alpha power decrease in
comparison to conditions containing meaningful inputs from ei-
ther visual (GG) or auditory (SG) channels. Another study of re-
levance with regard to the role of the alpha frequency band is from
Biau et al. (In press). In this study, the authors reported reduced
phase-locking value in the alpha frequency band by comparing
speech with beat gestures with speech alone. However, unlike our
study, Biau and colleagues did not observe alpha power decrease
for the gesture–speech integration. Of note, our study differs from
this study in terms of the type of gesture under investigation:
while IMGs are inherently meaningful, beat gestures do not con-
tain any semantic information. This difference may have con-
sequences on how auditory sentences are integrated with gesture.
Nevertheless, although we employed different tasks and para-
digms, our results may be considered another piece of evidence
concerning the role of alpha band activity during multimodal in-
tegration, or more specifically, the integration of gesture and ac-
companying speech.

The alpha band effect may also be interpreted with regard to its
relevance to the BOLD signal change. Recent studies with si-
multaneous EEG and fMRI now have reported a negative correla-
tion between the BOLD signal and alpha power (Goldman et al.,
2002; Laufs et al., 2006, 2003; Scheeringa et al., 2011, 2009). In the
current study, by employing an identical experimental design
concerning the integration effect (comparing bimodal and ‘unim-
odal’ stimuli), we observed an increase of activation in the left
pMTG in the fMRI experiment, while a decrease of alpha power is
observed in the EEG experiment (common for GG-GR and GG-SG).
Results from both experiments may suggest that, with regard to
gesture–speech integration, the power decrease in the alpha fre-
quency band could be directly linked to the increased activation in
the left MTG, and both effects may be considered reflecting ges-
ture–speech integration. However, to corroborate this link would
require further investigations with improved methodologies such
as the source localization with denser EEG collection (464
channels) or concurrent recording and analysis of EEG and fMRI.

Other functional interpretations of the alpha band activity
could also partially explain our data. Alpha and beta band activity
is reported to be sensorimotor-related, with production/observa-
tion of hand motion inducing a power decrease in both the alpha
and beta band (Avanzini et al., 2012; Perry and Bentin, 2009; Perry
et al., 2011; Quandt et al., 2012). In the current experiment, we
observed a power decrease of alpha and beta band in the GG-SG as
well as the GR-SG comparisons (see Fig. B1 in Appendix B). Both
comparisons are made between the conditions that involve hand
motion observation (GG and GR) and the condition that contains
only speech (SG). Interestingly, the commonly observed alpha
band effect of the two comparisons (GG-SG and GR-SG) has a
parietal scalp distribution and covers a wider time range; whereas
the integration-related alpha effect (commonly observed for GG-
GR and GG-SG) has a more central scalp distribution and is ob-
served at a much later time interval (0.7–1.4 s). This qualitative
difference in both scalp distribution and latency may be con-
sidered evidence suggesting that the two types of effects may
reflect two disparate neuronal origins. Another functional inter-
pretation of the alpha band activity closely couples the alpha
frequency band with attentional processes (Foxe and Snyder, 2011;
Hanslmayr et al., 2011; Jensen and Mazaheri, 2010; Klimesch et al.,
2007). It is suggested that alpha power increase is related to the
processing of potentially distracting information (Foxe and Snyder,
2011). This account would nicely explain the alpha power decrease
for the GG-GR comparison because the GR condition contains less
associated auditory and visual semantic input. However, this ac-
count does not sufficiently explain the alpha band effect in the
comparison between GG and SG: both GG and SG conditions do
not contain distracting information.
Interestingly, we did not observe a difference in gamma band

activity for any of our comparisons. This is somewhat surprising,
given the substantial amount of literature identifying the role of
gamma band activity in multisensory integration (Schneider et al.,
2008; Senkowski et al., 2008, 2007; Yuval-Greenberg and Deouell,
2007). But for one, our experimental design (being mostly adopted
from the parallel fMRI investigation) differs from the often used
mismatch paradigms, whose higher attention demands for error
detection might be responsible for engendering the gamma band
effects (Womelsdorf et al., 2005). For the other, it could be that the
potential gamma band activity is gated by higher amplitude alpha
oscillations, which represents a function of “gating by inhibition”
(Jensen and Mazaheri, 2010). However, under such a proposal, if
gamma band activity is the only candidate for gesture-speech in-
tegration, we should observe an increase of gamma band activity
accompanied by a decrease of alpha band activity or vice versa, but
we did not observe either scenario. The lack of gamma band effect
may also originate from the difference of the materials between
our study and former studies. Specifically, most studies employing
incongruence paradigms do not display actor’s face (c.f. Willems
et al., 2009), whereas in the current study the actor’s face is dis-
played. However, during the integration of visual/audial informa-
tion, the lack of corresponding visual information to the speech
(e.g., facial expression, lip-movement) may lead to potential in-
tegration difficulties which might be related to the gamma band
activity. Nevertheless, since there are many reasons for the fact
that we did not observe gamma power differences (including
methodological aspects), it is difficult to make claims out of this
null result. Thus, from our data we cannot exclude that gamma
power is relevant for speech and gesture integration.

Besides the oscillatory domain, our data help to better identify
the temporal domain of gesture–speech integration and corrobo-
rate the importance of the critical word in this combinatory pro-
cess. Former studies employing either violation or disambiguation
paradigms suggest that the time window around the critical word
(or homonym of the gesture) is important for the synchronization
between gesture and speech input (Habets et al., 2011; Obermeier
and Gunter, 2014; Obermeier et al., 2011). In the current study, by
investigating time-frequency representations, we found that ges-
ture–speech integration takes place in a relatively late time win-
dow, starting at around 700 ms after the onset of the critical word.
At first glance, this temporal range is much later than the 400 ms
peak suggested by the N400 literature about gesture–speech in-
tegration (Kelly et al., 2004; Özyürek et al., 2007; Wu and Coulson,
2005, 2010). However, this discrepency may be originated from
the fact that we did not employ the classical N400 paradigm. In
fact, in a recent study from van Ackeren et al. (2014), the authors
reported word feature integration effects by comparing the visual
comprehension of words containing cross-modal feature and
modality-specific feature, they reported an effect in the theta band
power in the 0.6–1.0 s interval post-onset of the critical word.
Although examining different stimuli, this study is similar to our
study in the sense that both studies did not employ the mismatch
paradigm: the relative late time window reported in this study,
together with our study, may suggest that the temporal character
of multimodal integration may differ according to the research
paradigms employed. Similarly, in Biau et al. (In press), the authors
also reported gesture–speech integration effect by comparing bi-
modal and unimodal epochs time-locked to the onset of the cri-
tical word. Moreover, a recent study from Obermeier and Gunter
(2014) suggests a larger and more flexible time window around
the critical word in which gesture–speech integration takes place.
Therefore, despite the temporal discrepancy, our results are in line
with the previous ERP and EEG literature in that they support the
importance of the critical word for gesture–speech
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synchoronization. Nevertheless, given the fact that oscillatory ac-
tivity reveals different aspects of the electrophysiological signal
than ERPs, further detailed investigations of the temporal para-
meters of gesture–speech integration are still necessary.

As an important note, while our EEG data suggest alpha power
decrease as a potential oscillatory correlate to gesture–speech in-
tegrative process, this functional interpretation of the alpha band
activity may need further experiments to be corroborated. Ad-
ditionally, as we are only able to qualitatively observe the overlap
(in terms of time–frequency-channel) for two individual contrasts,
it might not be appropriate to directly associate this effect with the
results from the conjunction analysis of the fMRI experiment, even
if both experiments share the same experimental design. However
importantly, even if an overlap between time–frequency-channel
space does not necessarily indicate shared neuronal process, the
alpha band seems to be sensitive to both contrasts, and therefore
is likely to be related to gesture–speech integration. After all, al-
though bearing these limitations, the current EEG experiment is an
important addition to the extensive literature concerning gesture–
speech integration, and a good starting point for further EEG ex-
periments with more balanced stimuli (e.g. comparing incon-
gruent vs. congruent gesture–speech combinations).

In summary, in Experiment 2, we examined for the first time
the time–frequency domain of the EEG during gesture–speech
integration. The results suggest a centrally-distributed alpha
power decrease, time-locked to the onset of the critical word and
ranging between 700 and 1400 ms, as a potential oscillatory cor-
relate for this combinatory process. We propose that this effect in
the alpha band may be closely related to the BOLD signal increase
in the left pMTG observed in the fMRI experiment, however fur-
ther investigations with concurrent recording and analysis of EEG
and fMRI are necessary to establish this link.
4. Conclusion and outlook

The present study investigated the neural correlates of gesture–
speech integration using separately recorded fMRI and EEG. Spe-
cifically, we provide new evidence for the neural processing of
intrinsically meaningful gestures, which has rarely been in-
vestigated. In contrast to previous studies, we did not adopted a
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mismatch paradigm and utilized better controlled uni- and bi-
modal conditions in order to tease apart activations due to sensory
processing and those evoked by semantic integration. With an
fMRI experiment, we showed that the integration of IMG leads to
increased activation in the left pMTG but not in the left IFG. This
finding not only complements current investigations of different
gesture types, but also confirms the role of the pSTS/MTG in a
general integration process of speech and gesture. Processes that
involve more complex semantic constructions, on the other hand,
are suggested to recruit the left IFG.

In a second experiment targeting at the oscillatory signature of
IMG and speech integration, we found an alpha power decrease
for the processing of the meaningful bimodal condition. Further-
more, this oscillatory activity might potentially be associated with
the increase of the BOLD signal in the left pMTG. Additionally, with
regard to the temporal aspect, we corroborated the importance of
the critical word during gesture–speech integration.

Overall, our study is, to our knowledge, the first investigation
which directly targets at the neural integration of the full range of
intrinsically meaningful gestures and corresponding speech.
Moreover, it is also the first study which looks at gesture–speech
integration for IMGs from an oscillatory perspective. Along this
line, future studies are expected to involve a more fine-grained
semantic categorization of different types of gestures, and to fur-
ther elucidate the relationship between gesture semantics and the
role of the pSTS/MTG and the left IFG during gesture–speech in-
tegration. Additionally, combining the strength of both BOLD-fMRI
and EEG would lead us to a better understanding of the brain
networks involved in gesture–speech integration.
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Appendix A. List of experimental items
Condition
 German Sentence
 English Translation
 Description of the Gesture
M
 Die Passantin wehrt den Bet-
tler ab.
The passer-by rejects the
beggar.
Gesture of resistance, right hand is stretched straight
forwards
M
 Die Jugendlichen trinken
gerne Alkohol.
The teenagers like to drink
alcohol.
Gesture of drinking, right hand forms a bottle and is moved
to the mouth
M
 Das Mädchen bittet die
Freundin um einen Anruf.
The girl asks her friend to give
her a call.
Gesture of telephoning, right hand forms a telephone and is
moved to the ear
M
 Der Schüler hat seine Prüfung
mit Bravour bestanden.
The pupil passed his exam
with distinction.
Gesture of applause, hands are clapped
M
 Die Moderatorin fordert den
Herrn auf zu beginnen.
The presenter asks the man to
begin.
Gesture of demand, right hand is opened and pointed to-
wards the spectator
M
 Der Lehrer lässt die Schüler
zur Begrüßung aufstehen.
The teacher prompts the pu-
pils to stand up as a welcome.
Gesture of standing up, both hands are opened and raised
up
M
 Der Fischer hält Ausschau
nach dem Wal.
The fishermen keeps an eye
out for the whale.
Gesture of lookout, right hand is positioned over the eyes
M
 Die Lehrerin fordert die
Schüler zur Ruhe auf.
The teacher asks the pupils to
be quiet.
Gesture of calming, both hands show towards the ground
and are moved up and down
M
 Das Kind erkennt endlich sein
 The child finally recognizes its
 Gesture of realization, right hand is moved towards the
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Geburtstagsgeschenk
 birthday present.
 forehead

M
 Die Zuhörerin langweilt sich

sehr.

The listener is very bored.
 Gesture of boredom, thumbs are twiddled
M
 Die Eltern haben bei der Kin-
derziehung den Daumen
drauf.
The parents keep a tight hold
on their children's education.
Hand is stretched out and thumb is stretched away from the
hand
M
 Die Schwester wünscht ihrer
Freundin viel Glück.
The sister wishes her friend
good luck.
Gesture of wishes of luck, both thumbs are pressed and
hands are stretched forwards
M
 Der Fahrer signalisiert, dass
alles in Ordnung ist.
The driver signals that every-
thing is all right.
Thumbs up, right hand is stretched forwards and thumb is
stretched upwards
M
 Der Trainer lobt das Ab-
schneiden seines Teams.
The coach praises the perfor-
mance of his team.
Both hands are stretched forwards and thumbs are stret-
ched upwards
M
 Die Schauspielerin hat nicht
gut gespielt.
The actress did not act well.
 Right hand is stretched forwards and thumb is stretched
downwards
M
 Die Meinung der Mutter in-
teressiert die Tochter nicht.
The opinion of her mother
does not interest the
daughter.
Gesture of indifference, right hand is raised up and then
stretched away diagonally
M
 Die Rentnerin droht dem
wilden Autofahrer.
The pensioner threatens the
wild car driver.
Gesture of threat, right fist is raised up
M
 Dem Jungen ist seine Na-
chlässigkeit egal.
The boy doesn't care about his
carelessness.
Both hands are opened and raised up diagonally, shoulders
are pulled up
M
 Die Bischof ermahnt die
Gläubigen.
The bishop warns the
believers.
Right hand is raised up, index finger is stretched out
M
 Die Chefin findet das Vorha-
ben gefährlich.
The boss believes the plan to
be dangerous.
Right hand is stretched forward and shaken
M
 Der Vorgesetzte mahnt zu
mehr Gelassenheit.
The superior urges to be more
composed.
Both hands show towards the ground and are moved up and
down quickly
M
 Der Rentner grüßt die Markt-
frau im Vorübergehen.
The pensioner greets the
market woman in passing.
Gesture of greeting, right hand is moved towards the fore-
head and then stretched away
M
 Dem Beamten sind die Hände
gebunden.
The official's hands are tied.
 Hands are stretched away from the body and crossed at the
joints
M
 Der Kanzler reicht dem Präsi-
denten die Hand.
The chancellor shakes hands
with the president.
Right hand is stretched forward and shaken
M
 Die Kindergärtnerin winkt die
Kinder zu sich her.
The kindergarten teacher
beckons the children over.
Right hand is stretched forward and waved towards the
actor
M
 Der Dirigent lässt die Musiker
lauter spielen.
The conductor lets the musi-
cians play louder.
Right hand is opened and raised up
M
 Die Schülerin meldet sich
eifrig.
The schoolgirl puts her hand
up eagerly.
Right arm is stretched up intensely
M
 Der Junge weißedie richtige
Antwort nicht.
The boy doesn't know the
right answer.
Both hands are opened and raised up diagonally, shoulders
are pulled up
M
 Der Pazifist kämpft für den
Frieden.
The pacifist fights for
freedom.
Gesture of peace, right hand is raised up and both index
finger and middle finger are put out
M
 Die Architektin schätzt das
Alter des Hauses.
The architect guesses the age
of the house.
Right hand is stretched up and thumb is shaken
M
 Der Ganove schießt auf seinen
Verfolger.
The crook shoots at his
pursuer.
Gesture of shooting, hand forms a pistol
M
 Der Soldat salutiert dem
Staatsbesuch.
The soldier salutes the state
visit.
Gesture of salute, hand is moved to the forehead and actor
stands upright
M
 Der Bengel zeigt seine
Schadenfreunde.
The rascal shows his
schadenfreude.
Right hand is moved towards the nose, thumb touches the
nose and other fingers are shaken
M
 Die Oma versteht den Jungen
sehr schlecht.
The grandmother doesn't un-
derstand the boy very well.
Right hand is moved towards the ear and forms a funnel
M
 Die Tante kann dem Fremden
leider nicht helfen.
The aunt unfortunately can't
help the stranger.
Both hands are opened and raised up diagonally, shoulders
are pulled up
M
 Der Angeklagte schwört die
Wahrheit zu sagen.
The accused swears to tell the
truth.
Gesture of vow, right hand is raised up and thumb, index
finger and middle finger are put out
M
 Die Schüler dürfen sich wie-
der setzen.
The pupils are allowed to sit
down again.
Both hands are stretched forwards, palm of hand shows
downwards, hands are moved up and down
M
 Der Fußballer beschimpft den
Schiedsrichter.
The football player insults the
referee.
Right hand is stretched forwards, middle finger is put out
M
 Der Rennfahrer ist stolz auf
seinen Sieg.
The racing driver is proud of
his victory.
Gesture of victory, both hands are folded and moved to-
wards the shoulder
M
 Der Sportler freut sich über
seinen Erfolg.
The sportsman is pleased
about his success.
Right hand forms a fist, forearm is moved towards the body
M
 Die beiden Freundinnen
 The two friends telephone
 Gesture of telephoning, right hand forms a telephone and is



E

E

E

E

E

E

E

E

E

E

E

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Y. He et al. / Neuropsychologia 72 (2015) 27–42 39
telefonieren miteinander.
 each other.
 moved to the ear

M
 Der Basketballtrainer verlangt

einen Abpfiff.

The basketball coach de-
mands a final whistle.
Gesture of timeout, both hands together form a right angle
M
 Die Studentin trampt an der
Autobahn.
The student hitch-hikes at the
motorway.
Right hand is stretched out to the right side, thumb is put
out
M
 Die Nachbarinnen tratschen
über ihre Männer.
The neighbors’ wives are gos-
siping about their husbands.
Gesture of speaking, hand forms a mouth, thumb is moved
towards the other fingers
M
 Die Besucherin bittet um et-
was zu trinken.
The visitor asks for a drink.
 Gesture of drinking, hand forms a glass and is moved to-
wards the mouth
M
 Die Seniorin erkundigt sich
nach der Uhrzeit.
The pensioner asks the time.
 Gesture of time, left index finger taps on the right wrist
M
 Die Autofahrerin ist nicht
ganz richtig im Kopf.
The car driver is not quite
right in the head.
Right hand is shaken in front of the head, fingers are kept
together
M
 Die Freundin darf das Ge-
heimnis nicht preisgeben.
The friend is not allowed to
divulge the secret.
Right index finger is put out and moved towards the lips
M
 Der Boxer geht als Sieger aus
dem Kampf hervor.
The boxer leaves the fight as
the winner.
Gesture of victory, both arms are stretched upwards heavily
M
 Der Autofahrer bezeichnet
den anderen als Idioten.
The car driver calls the other
one an idiot.
Right hand is move towards the forehead, index finger taps
on the forehead
M
 Die Königin schickt ihren Di-
ener weg.
The queen sends off her
servant.
Sweeping gesture, right hand is moved from the chest on
away from the body
M
 Die Kinder verabschieden ihre
Großmutter.
The children say goodbye to
their grandmother.
Right hand is waved
U
 Die Angestellte heftet die Re-
chnungen zusammen.
The employee staples to-
gether the bills.
Right hand holds an invisible sheet of paper, left hand forms
a stapler
U
 Der Arzt zieht den Splitter mit
einer Pinzette raus.
The doctor removes the
splinter with a pair of
tweezers.
Left hand forms a pair of tweezers, left hand is pulled to-
wards the body
U
 Der Astronom beobachtet die
Sterne.
The astronomer observes the
stars.
Both hands form a pair of binoculars and are moved
upwards
U
 Die Bäuerin dreht den Pfann-
kuchen um.
The farmer's wife turns over
the pancake.
Right hand takes an invisible pan and is moved upwards
quickly
U
 Der Bauarbeiter schaufelt den
Dreck weg.
The construction worker
clears away the dirt with a
shovel.
Gesture of digging, both hands grab an invisible shovel and
are moved downwards
U
 Der Bauer sägt den Baum-
stamm ab.
The farmer saws off the tree-
trunk.
Gesture of sawing, left hand is stretched forwards, right
hand forms a fist and is moved back and forth
U
 Der Bodenleger schneidet den
Teppich ab.
The craftsman cuts off the
carpet.
Gesture of cutting, left hand is stretched forwards, right
hand forms a fist and is moved towards the body
U
 Der Bogenschütze spannt den
Bogen.
The archer draws the bow.
 Right hand is stretched out, left hand moves from the
stretched out position towards the body
U
 Der Empfänger öffnet das
Briefkuvert
The addressee opens the
envelope.
Gesture of cutting, left hand holds an invisible object, right
hand is moved once forwards
U
 Das Enkelkind putzt sich die
Zähne.
The grandchild brushes its
teeth.
Gesture of teeth brushing, right hand is circled in front of
the mouth
U
 Der Feriengast rudert das Boot
voran.
The holiday-maker rows the
boat forwards.
Gesture of rowing, both hands are stretched forwards and
then pulled towards the body
U
 Die Gärtnerin pumpt Wasser
in die Gießkanne.
The gardener pumps water
into the watering can.
Right hand is stretched out to the right side and then moves
downwards towards the centre
U
 Der Gastwirt wendet das
Schnitzel in der Pfanne.
The landlord turns over the
escalope in the pan.
Left hand holds an invisible pan, right hand is stretched
forwards and then tilted
U
 Die Großmutter trinkt einen
Kaffee.
The grandmother drinks a
coffee.
Right index finger and thumb are held together, right hand
is moved to the mouth
U
 Die Hausfrau bügelt ein
Herrenhemd.
The housewife irons a shirt.
 Right hand forms a fist and is moved to the left and to the
right in front of the body
U
 Der Hausmeister schneidet
die Hecke
The janitor prunes the hedge.
 Gesture of cutting, both hands are moved towards each
other in front of the body
U
 Der Junge spitzt seinen Bleis-
tift an.
The boy sharpens his pencil.
 Both hands are stretched out, right hand is tilted next to the
left hand
U
 Die Kajakfahrerin paddelt
kräftig.
The girl in the kayak is pad-
dling heavily.
Gesture of paddling, both hands hold an invisible paddle
and swing it at both sides of the body
U
 Die Kellnerin öffnet die
Bierflasche.
The waitress opens the beer
bottle.
Right hand forms a grip, left hand is moved close to it and
then moved upwards
U
 Das Kind trinkt ein Glas
Limonade.
The child drinks a glass of
lemonade.
Gesture of drinking, hands form a glass and are moved to-
wards the mouth
U
 Das Küchenmädchen raspelt
 The kitchen help grates the
 Left hand is moved in front of the body and forms a fist,
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das Gemüse.
 vegetables.
 right hand is moved up and down next to it

U
 Die Künstlerin malt ein

Aquarell.

The artist paints a watercolour
painting.
Right hand is stretched away from the body and is tilted up
and down
U
 Der Künstler zeichnet eine
Skizze
The artist draws a sketch.
 Right hand is stretched out and is moved irregularly in front
of the body
U
 Die Kusine spielt auf ihrer
Flöte.
The cousin plays on her flute.
 Gesture of playing the flute, both hands are moved upwards
to the right side close to the mouth
U
 Das Mädchen feilt sich die
Fingernägel.
The girl files her fingernails.
 Left hand is held in front of the body, right hand is moved
back and forth close to the fingernails
U
 Der Maler streicht die Wände
an.
The painter paints the walls.
 Right arm is folded and moved up and down in front of the
body
U
 Der Mechaniker pumpt das
Fahrrad auf.
The mechanic pumps up the
bicycle.
Right hand forms a ring, left hand is moved back and forth
towards right hand
U
 Der Metzger dreht das Fleisch
durch den Fleischwolf.
The butcher minces the meat.
 Right wand winds in front of the body
U
 Die Mutter lässt den Salat
abtropfen.
The mother leaves the salad to
dry.
Both arms are folded and shaken up and down in front of
the body
U
 Die Oma strickt fleißig einen
Pullover.
The grandmother knits a
pullover.
Both hands are shaken close to each other in front of the
body
U
 Die Postbeamtin stempelt die
Briefmarken ab.
The post office official franks
the stamps.
Right hand forms a fist and is pushed downwards several
times
U
 Die Putzfrau kehrt das
Treppenhaus.
The cleaning lady sweeps the
stairwell.
Gesture of sweeping, both hands take an invisible broom
and are moved downwards
U
 Der Raucher zündet sich eine
Zigarette an.
The smoker lights his
cigarette.
Right index finger and middle finger are moved in front of
the mouth, left hand's thumb is tilted in front of it
U
 Der Schmied hämmert auf die
Metallplatte.
The smith hammers on the
metal sheet.
Gesture of hammering, left hand forms a fist and is moved
up and down
U
 Der Schreiner hobelt ein Brett.
 The joiner planes a board.
 Both hands move forwards and backwards, palms of the
hands show to the ground
U
 Die Schülerin radiert die No-
tizen weg.
The pupil erases its notes.
 Right hand forms a fist and is shaken in front of the body
U
 Der Skifahrer stößt sich kräf-
tig ab.
The skier leaps powerfully.
 Both hands form fists and are raised up synchronously, then
they are both pushed downwards
U
 Die Sportlerin paddelt gegen
den Strom.
The sportsman is paddling
upstream.
Gesture of paddling, both hands hold an invisible paddle
and swing it at one side of the body
U
 Der Steinmetz schlägt die
Figur aus dem Stein.
The stonemason creates the
figure out of the stone.
Right hand is held at the left side of the body, left hand is
moved towards it several times
U
 Der Straßenarbeiter plättet
den Boden.
The construction worker flat-
tens the ground.
Both hands are held in front of the body and are shaken
quickly
U
 Die Studentin verquirlt Eier
und Milch.
The student whisks eggs and
milk.
Right hand is held in front of the body, left hand is circled
next to it
U
 Der Student isst in der Mensa.
 The student is eating in the
canteen.
Right hand holds an invisible fork and is moved towards the
mouth several times
U
 Die Tante schneidet eine
Scheibe Brot ab.
The aunt cuts off a slice of
bread.
Gesture of cutting, right hand is stretched forwards, left
hand forms a fist and is moved towards the body several
times
U
 Der Tennisspieler pariert mit
der Rückhand
The tennis player parries with
his backhand.
Right hand is moved to the left side of the body, then it is
pushed forwards with a lively movement
U
 Der Tischler schleift das Regal
ab.
The joiner sands the shelf.
 Left hand is held in front of the body and moved to the left
and to the right several times
U
 Die Touristin macht ein Foto
von der Kirche.
The tourists takes a photo of
the church.
Both hands are held in front of the head, right index finger is
pushed downwards
U
 Der Vater rasiert sich am
Morgen.
The father shaves himself in
the morning.
Left hand is moved towards the chin and then moved up-
wards and downwards several times
U
 Der Verbrecher feilt das Gitter
durch.
The criminal files the bars.
 Right hand is moved forwards and backwards several times
U
 Die Verkäuferin dreht die
Bratwürstchen um.
The salesperson turns over
the grilled sausages.
Right hand forms a pincer and is turned over
U
 Der Waldarbeiter hackt
Brennholz.
The forestry worker chops
firewood.
Both hands are kept together and moved downwards from
the shoulder on
U
 Der Zimmermann haut den
Nagel in die Wand.
The carpenter bangs the nail
into the wall.
Right index finger and middle finger are held together, left
hand is moved towards them several times
U
 Der Zöllner beobachtet die
LKWs am Horizont.
The customs officer observes
the lorries at the horizon.
Hands form a pair of binoculars and are moved in front of
the eyes
EM: emblematic gestures; TU: tool-use gestures.
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Appendix B. EEG results for the Gesture-Russian (GR) vs. Speec
h-German (SG) comparison
For the comparison between the GR and SG condition, again, no significant cluster is observed for the high frequency range (25–80 Hz).
In the low frequency range (2–30 Hz), we observed a significant negative cluster (p¼ .0001). This cluster includes power changes in two
frequency bands: in the alpha band (7–13 Hz), the power decrease of the GR condition ranges between 0.3–1 seconds, and this alpha effect
has a parietal scalp distribution; in the beta band (14–30 Hz), GR showed power decrease from 0.1 to 1 seconds, this effect is widely
distributed. The negative cluster is illustrated in Fig. B1.
Fig. B1. Results of the TF analysis in the GR vs. SG conditions. (A) TFRs for GR (left) and SG (right) conditions at electrode Cz (up) and Pz (bottom) in the low frequency range.
The statistically significant time–frequency cluster is outlined (po .05, Monte-Carlo corrected). (B) The scalp distribution of the contrast (GR vs. SG) in the alpha band (10 Hz)
in the 0.3–1.0s time interval (up) and in the beta band (20 Hz) in the 0.1–1.0 s time interval (bottom). The electrodes which form the significant cluster between the
comparison of the two conditions (po .05, Monte-Carlo corrected) are marked with “n” on the topographic plot. T-values are displayed with the colormap. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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