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Speech production involves widely distributed brain regions.This MEG study focuses on the
spectro-temporal dynamics that contribute to the setup of this network. In 21 participants
performing a cue-target reading paradigm, we analyzed local oscillations during prepara-
tion for overt and covert reading in the time-frequency domain and localized sources using
beamforming. Network dynamics were studied by comparing different dynamic causal
models of beta phase coupling in and between hemispheres. While a broadband low fre-
quency effect was found for any task preparation in bilateral prefrontal cortices, preparation
for overt speech production was specifically associated with left-lateralized alpha and beta
suppression in temporal cortices and beta suppression in motor-related brain regions. Beta
phase coupling in the entire speech production network was modulated by anticipation of
overt reading. We propose that the processes underlying the setup of the speech produc-
tion network connect relevant brain regions by means of beta synchronization and prepare
the network for left-lateralized information routing by suppression of inhibitory alpha and
beta oscillations.
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INTRODUCTION
Speech production is one of the most complex human motor acts
as it bases upon linguistic processing but further requires pre-
cise sensorimotor integration. While linguistic processing involves
multiple steps of abstract cognition (Indefrey and Levelt,2004), the
sensorimotor component of speech production relies on feedfor-
ward motor plans that are updated by integration of auditory and
somatosensory feedback (Hickok, 2012). It is thus not surprising
that a large network including prefrontal, motor, somatosensory,
auditory, and associative regions has been linked with overt artic-
ulation (Price, 2010; Kell et al., 2011; Llorens et al., 2011). When
studying speech, sensorimotor processing is more easily accessible
than linguistic processing given the measurable physical audi-
tory and motor signal properties. It is thus ideally suited to study
spectro-temporal dynamics of large scale brain networks. Evidence
is accumulating that specific spectro-temporal properties of brain
regions and networks contribute to the generation of complex
motor behavior (Roelfsema et al., 1997; Engel and Fries, 2010;
Wang, 2010). However, little is known about the spectro-temporal
dynamics and interactions underlying efficient sensorimotor map-
ping. During speaking, the parameters of interest are not easily
accessible with standard imaging methods with high temporal
resolution like EEG or MEG because of the artifacts induced by
ocular and articulator movements during ongoing speech produc-
tion. One approach to circumvent this problem is to study brain
dynamics of preparation for speech production. As for other motor
acts, motor preparation for speech production has been related to
beta suppression in motor cortex (Salmelin et al., 2000; Saari-
nen et al., 2006). These processes could reflect covert feedforward
processing prior to execution induced by a start signal and thus

could serve as a model for the feedforward component of speech
production.

In contrast, feedback is necessarily only produced after speech
onset and thus much more difficult to study. During monkey
vocalizations, suppression of activity in auditory cortices has been
linked to feedback integration (Eliades and Wang, 2008). Ongoing
speech production has been studied with electrocorticography,
a method that is not affected by movement artifacts. By study-
ing high gamma power and its temporal evolution during task
epochs, these studies confirmed suppression of auditory cortex
activity during speech production (Towle et al., 2008; Edwards
et al., 2010; Flinker et al., 2010) associated with a very complex
pattern of frontotemporal functional connectivity (Korzeniewska
et al., 2011). Instead of studying the speech production network
during active processing, another way of approaching this large
scale brain network is to investigate how this network is set up.
This offers the opportunity to investigate the effects of top-down
implementation of task rules (Dosenbach et al., 2006; Sakai and
Passingham, 2006). We hypothesize that processes termed “task
set” induce recruitment of all necessary brain regions and thus
increase functional connectivity within the task network. Here,
we refer to these processes as cognitive planning and study them
using cue-target paradigms that allow their separation from lin-
guistic processing, motor preparation, and execution. In a cue-
target reading paradigm involving covert and overt reading during
fMRI, we demonstrated previously that the entire speech produc-
tion network pre-activates in anticipation of linguistic stimulus
material for articulation (Kell et al., 2011). Importantly, this inten-
tion to speak left-lateralizes auditory and somatosensory cortices
for subsequent feedback processing. This lateralized anticipatory
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preactivation of auditory cortex could reflect integration of the
auditory cortex into the speech network prior to a relative deacti-
vation during ongoing feedback integration. On the one hand this
supports the idea that the entire network is set up and ready for
input while on the other hand these results emphasize the impor-
tant contribution of sensory cortices to left-lateralization of speech
production (Morillon et al., 2010; Kell et al., 2011). Taken together,
these data suggest that important properties of speech production
like left-lateralization can be studied by focusing on the setup of
this network.

Both local oscillations and network properties of the setup of
the speech production network have not been studied yet. So far,
only the introspective evaluation of the intention to speak was
studied with MEG (Carota et al., 2010). We expected to find task-
specific changes in local oscillations in previously defined regions
of the speech production network (Hickok and Poeppel, 2007;
Price, 2010; Kell et al., 2011; Llorens et al., 2011). The setup of
large scale brain networks has previously been related to syn-
chronization in the beta band as demonstrated for fronto-parietal
visuomotor networks (Roelfsema et al., 1997). Thus, the aim of
our MEG study was twofold: first, to define the role of local oscil-
lations contributing to the intention to speak. Second, to study the
speech network’s phase dynamics in the beta band during network
setup.

MATERIALS AND METHODS
PARTICIPANTS
Twenty-six healthy right-handed (Oldfield, 1971) participants (10
female; mean age: 24.0 ± 1.7 years) took part in this MEG study,
but data from five participants were discarded due to excessive
movement or blink artifacts (less than 20 valid trials per con-
dition). The study was approved by the local ethics committee
(Goethe University, Frankfurt am Main, Germany) and informed
consent was obtained from each participant.

STIMULI AND DESIGN
A cue-target reading paradigm was used to separate cognitive
action planning underlying the intention to speak from linguistic
processing, motor preparation, and execution (Figure 1).

Participants were informed about how to deal with a subse-
quently presented sentence by a visual cue, i.e., whether to overtly
or covertly read the sentence. We studied preparation for overt
reading and preparation for covert reading and assumed that com-
paring these two conditions reveals the anticipatory setup of the
sensorimotor speech network. We specifically studied only the
artifact-free preparation phase prior to target presentation, mean-
ing that for the overt condition participants knew that they were
about to speak but did not know yet the content of the upcoming
utterance. Thus, the preparation phase was not contaminated by
linguistic and motor processing.

Trials consisted of 2 s visual cue presentation indicating task
rules followed by a written sentence as a target (Figure 1). A
triangular cue indicated that the subsequent sentence should be
read out loud while a rectangular cue designated that the sentence
should be read silently. The stimuli consisted of six-word German
declarative sentences (“Bunte Fahnen wehen oft im Wind”) and
were presented word after word to reduce saccades. The first three

FIGURE 1 | Cue-target paradigm used in the study. The cue indicated
how to deal with the upcoming sentence. The square indexed to prepare to
read the following target sentence covertly while the triangle indicated to
prepare to read the target sentence overtly. The sentence was presented
word by word. After each trial, participants fixated for 2–8 s (inter-trial
interval, ITI, plus 1 s baseline).

words were presented for 400 ms each, the fourth and fifth word for
300 ms each, and the last one for 400 ms to allow fluent speech pro-
duction. The inter-trial interval (ITI, fixation circle) ranged from
1 to 7 s (mean 4 s) with one additional second used as baseline for
analysis. The white stimuli were presented on black background
using a projector placed outside the magnetically shielded room.
Subjects underwent a training session outside the MEG to make
them familiar with the experimental design. During the exper-
iment, participants were asked to fixate and blink little and if
possible after target presentation. The whole experiment consisted
of four runs (4 × 12.5 min), each containing a total of 40 covert
and 40 overt reading trials.

DATA ACQUISITION
Data were acquired using a 275-channel whole-head MEG sys-
tem (Omega 2005, CTF-MEG, VSM MedTech Inc., Coquit-
lam, Canada) and recorded continuously at a sampling rate
of 1200 Hz in a synthetic third-order axial gradiometer con-
figuration. Participants were supine with their head stabi-
lized by foam cushions. Head position was determined with
localization coils fixed at the nasion and the preauricular
points. Runs in which head movements exceeded 5 mm were
excluded.

Blinks, vertical, and horizontal eye movements were detected
by two pairs of electrooculography (EOG) electrodes, placed at the
outer canthi of the eyes and below and above the right eye. Another
pair of electrodes was placed on the upper brink of the mandible
and the lower brink of the maxilla about 2 cm dorsal from the left
corner of the mouth to detect mouth movement prior to speech
onset (EMG).

After data acquisition, participants underwent a struc-
tural T1 MRI scan (magnetization rapid-acquisition gradi-
ent echo sequence: 144 slices, 1 slab, TR 2300 ms, voxel size
1 mm × 1 mm × 1 mm, 3 T Siemens Trio) to obtain individual
head-geometry for later head-modeling. To co-register MEG and
structural data the position of the localization coils was marked
with a Vitamin E capsule.
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DATA ANALYSIS
Data were analyzed using open source Matlab toolboxes SPM81

and Fieldtrip (version 2011-05-312). Standard preprocessing was
performed with SPM8. A fifth order butterworth bandpass fil-
ter was applied between 2 and 120 Hz. Data of the two different
conditions were epoched from −1500 to 2500 ms with respect
to cue onset. Data of five dysfunctional channels were discarded
(MRO31, MRO21, MRF22, MLT44, MRC12, MRC25). An artifact
rejection based on channel thresholding of EOG- and EMG-
channels was applied to the epoched data. After artifact rejection,
on average 95 valid overt trials and 88 valid covert trials per
participant were analyzed.

Three different analyses were performed. First, we analyzed
sensor-level data. For time-frequency analyses of the entire time
window from −1500 to 2500 ms, Fieldtrip multitapers imple-
mented in SPM8 using a frequency resolution of 2.5 Hz, a time
window of 800 ms resulting in three multitapers per frequency,
and time steps of 50 ms were used to obtain frequency and time
resolution. Data were baseline-corrected with the power in the
interval from −1000 to 0 ms before averaging over trials and
rescaled using the log ratio transformation. The first 1000 ms of
task preparation were analyzed. We calculated statistics of the
contrast between the two conditions (preparation for overt and
preparation for covert reading) against baseline and of the two

1http://www.fil.ion.ucl.ac.uk/spm/
2http://www.ru.nl/fcdonders/fieldtrip/

conditions against each other to obtain task-specific effects in
Fieldtrip. A randomization test with a cluster-based threshold
correction method (Maris and Oostenveld, 2007) was applied.
A Monte Carlo cluster p-value below 5% (two-tailed testing)
was considered significant. To dissociate oscillations from broad
band effects we analyzed the frequency spectrum by calculating
the powermap with fieldtrip multitapers implemented in SPM8
MEG tools with a frequency resolution of 1 Hz. Finally, to dis-
play channel-average time-frequency charts of multitaper results,
anterior sensors were separately averaged from posterior sensors.

The second analysis localized the underlying sources pro-
ducing the effects observed on the sensor-level. The data were
co-registered with individual structural scans and the forward
model (single shell) was computed using SPM8’s 3D source recon-
struction. To transform the two dimensional scalp effects into
a three dimensional space the linearly constrained minimum
variance (LCMV) beamformer (Van Veen et al., 1997) imple-
mented in SPM8 was used. Effects in the canonical frequency
bands (delta/theta 2–6 Hz, alpha 7–13 Hz, and beta 14–30 Hz)
were source-localized. Because no significant gamma effect was
observed on sensor-level, this band was not further analyzed on
source level. The beamformer with 5% regularization was applied
to the first second of the cue period and 1 s of baseline using com-
mon filters. Conditions were contrasted against baseline or against
each other in each single participant and results were analyzed at
the group level using one-sample t -tests thresholded at p < 0.05,
FWE cluster corrected at a voxel level of p < 0.001. To test for

FIGURE 2 | Summary of tested DCMs. (A) Models with unidirectional
(top-down, bottom-up) and bidirectional coupling. (B) Models with
different interhemispheric coupling and (C) models with different

coupling modulated by preparation for overt vs. preparation for covert
reading (in green). The model that explains the data best is marked by an
asterisk.
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FIGURE 3 | Scalp-frequency plots of the first second of the preparation (Prep) period for covert and overt speech production vs. baseline and for

preparation for overt vs. preparation for covert speech production. Pseudo t -values are color-coded from −5 to 5. Results are cluster corrected (p < 0.05).

FIGURE 4 | Frequency-power-spectrum averaged over

anterior and posterior sensors, separately. Normalized power
in frequencies from 2 to 30 Hz is plotted against intensity

(arbitrary units) separately for baseline (black), preparation for
overt (red), and covert reading (blue). For details please see
Section “Results.”

effects of lateralized brain activity the lateralization index (LI)
toolbox was used (Wilke and Lidzba, 2007). This toolbox com-
pares activity in anatomically defined brain regions and calculates
a LI on the basis of cluster size and extent. By testing multi-
ple statistical thresholds the consistency of lateralization is tested
and considered significant if there is a threshold-independent
lateralization.

The third analysis focused on the interaction of brain regions in
the beta band. Given that beta synchronization has been related to
the setup of large scale networks (Roelfsema et al., 1997), we stud-
ied phase relationships in this frequency range (neglecting other
frequency bands) between selected bilateral regions of the speech
production network from 300 to 1000 ms (Hickok and Poeppel,
2007; Price, 2010; Kell et al., 2011; Llorens et al., 2011). Because this

study focuses on sensorimotor aspects of speech production the
models comprised sources found previously in two fMRI stud-
ies that used a similar cue-target reading paradigm (Kell et al.,
2011; Keller and Kell, in preparation): the articulatory motor cor-
tex (M1) and two sensorimotor regions: the supplementary motor
area (SMA), the lateral dorsal premotor cortex (dPMC), and the
sylvian parietotemporal area (SPT) (Hickok et al., 2011). We used
the posterior superior temporal sulcus (pSTS) as sensory region
instead of the auditory cortex proper because of its relatively larger
distance to the other sources.

To inform our analysis by biologically plausible models of oscil-
latory neural dynamics we used dynamic causal modeling (DCM)
for phase coupling in SPM8 (Penny et al., 2009; Litvak et al., 2011).
This DCM implements a network of weakly coupled oscillators,
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FIGURE 5 |Time-frequency plots (cluster corrected p < 0.05) over

averaged anterior and posterior sensors for the different

conditions. Task preparation is associated with sustained activity

changes whereas the differences between conditions emerge about
350 ms after cue presentation. Pseudo t -values are color-coded from
−5 to 5.

representing brain areas, in the form of differential equations
that form a generative model of the observed oscillatory activ-
ity. The generative model is completed by observation equations
that describe how the signal from such an oscillatory source is
seen by the sensors. This observation equation is determined by
the physical properties of the head model, the MEG device, and
the observed signal property under investigation – which were the
phases of the oscillators in our case. The system of coupled differ-
ential equations for the oscillators describes the coupling in terms
of coupling constants, one constant per frequency, and for each
modeled directed link between two brain areas.

For model selection, various models that differ in their cou-
pling constants between network nodes are compared in terms of
their Bayesian model evidence. The model evidence here serves
as a way to assess the fit of the model to the data, penalized
for the number of parameters. We performed model selection
as follows: first, we tested the anatomical models for unidirec-
tional (top-down or bottom-up coupling) and bidirectional phase
coupling in the beta band within hemispheres (data from both
conditions combined). Second, models with different phase cou-
pling between hemispheres were compared. Third, we tested the
model that explained the data best in step two for modula-
tion of phase coupling in the beta band by overt speech pro-
duction and allowed connections to be modulated (top-down,
bottom-up, both) or un-modulated. In total, we estimated 13
biologically plausible models (Figure 2) in each single subject
and compared model probabilities on the group level using a
random effects Bayesian model selection procedure (Boly et al.,
2011).

BEHAVIORAL STUDY
We investigated the temporal evolution of setting up a speech
production task set in a behavioral study on 84 healthy young
participants (13 female, mean age: 27 years). Participants were
visually cued to read the upcoming sentence covertly, overtly
with normal, or overtly with happy intonation. These three
different tasks were necessary to create enough variability for
changing task sets and to show that task set effects were stable

even for different speech production tasks. The key parameter
of this study was varying instruction delay between 330, 670,
and 1000 ms. In total, 72 sentences were presented. The presen-
tation of the sentence was accompanied by presentation of a tone.
Speech recordings of the two overt conditions have been analyzed
using Adobe Audition (San Jose, USA) by calculating the voice
onset time from sentence presentation (indicated by the tone) to
the first occurrence of speech. Statistical analyses (ANOVA with
post hoc t -tests using Bonferroni correction resulting in an alpha
of 0.00278) have been performed using SPSS (IBM, Markham,
Canada).

RESULTS
Preparation for overt or covert speaking was not associated
with mouth movements. When analyzing the classical frequency
bands, anterior sensors exhibited a condition-independent power
increase ranging from delta to beta frequencies while posterior
sensors showed suppression of alpha and beta power. No gamma
effect was observed (Figure 3).

The power spectrum revealed an anterior broadband effect (2–
15 Hz) that was only masked by the anterior alpha peak (Figure 4).
In posterior sensors, alpha and beta oscillations were suppressed
for both conditions. Preparation-related effects were sustained in
time (Figure 5). However, differences between conditions built up
only around 350 ms after cue presentation. Preparation for overt
reading was associated with a pronounced alpha and beta suppres-
sion. Interestingly, this effect was particularly strong at posterior
sensors while anterior sensors did not discriminate as well between
conditions (Figure 5).

The broadband power increase from 2 to 15 Hz observed
for both conditions at anterior sensors localized to the bilateral
prefrontal cortex (not shown). Even when source-localizing the
broadband effect outside the alpha peak, a large overlap of pre-
frontal delta/theta (Table 1) and 11–15 Hz (Table 2) sources was
observed (Figure 6).

Condition-independent decreases in alpha and beta power
localized to posterior brain regions in the parietal, occipital, and
temporal lobe (not shown).

www.frontiersin.org June 2012 | Volume 3 | Article 169 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Language_Sciences/archive


Gehrig et al. Speech network setup

Table 1 | Local maxima of sources showing a power increase

(delta/theta band) for preparation for overt reading vs. baseline.

Region BA MNI-

coordinates

Cluster size p-Value

R inferior frontal gyrus 44 58 12 22 68722 p = 0.000

Middle cingulate cortex 24 0 2 40

L superior frontal gyrus 8 −4 34 38

Table 2 | Local maxima of sources showing a power increase

(11–15 Hz) for preparation for overt reading vs. baseline.

Region BA MNI-

coordinates

Cluster size p-Value

L superior frontal gyrus 10 −18 52 8 18439 p = 0.000

R anterior cingulate cortex 32 6 38 14

L anterior cingulate cortex 32 −4 48 10

FIGURE 6 | Source localization of broadband low frequency effects

during the first second of preparation for overt reading compared to

baseline (cluster corrected p < 0.05). Warm colors represent power
increases.

Preparation for overt speech production compared to prepa-
ration for covert speech production revealed pronounced alpha
suppression (Figure 7; Table 3) of the left auditory cortex (planum
temporale), left superior and middle temporal cortex, the SMA,
and the middle occipital gyrus.

Lateralization of alpha suppression was most robust in the tem-
poral lobe (LI = 0.4) followed by frontocentral cortices (LI = 0.2).
The posterior beta decrease associated with the intention to
speak localized (Figure 7; Table 4) to the left articulatory
motor cortex, left area SPT, left superior and inferior tempo-
ral gyrus, and bilateral superior parietal cortex. The strongest
left-lateralization of beta suppression was found in temporal
lobe (LI = 0.5) followed by frontocentral (LI = 0.4) and parietal
cortices (LI = 0.25). It is interesting to note that the decrease
in alpha and beta power regionally overlapped in some, but
not all regions of the speech production network. While both
left mid- and inferior temporal and parietal regions showed
parallel changes in alpha and beta power, the auditory cor-
tex and the SMA showed only alpha suppression. Isolated beta

FIGURE 7 | Source localization of oscillatory power changes in the

alpha and beta bands over 1 s for the contrast preparation for overt vs.

covert reading (cluster corrected p < 0.05). Cool colors represent power
decreases.

Table 3 | Local maxima of sources showing a power decrease (alpha

band) for preparation for overt vs. covert reading.

Region BA MNI-

coordinates

Cluster

size

p-Value

Supplementary motor area 6 −2 −26 76 10055 p = 0.000

Middle occipital gyrus 18 2 −62 2

L planum temporale 41 −50 −20 −2 4066 p = 0.001

L middle temporal sulcus 21 −42 −52 10

L middle temporal sulcus 22 −52 −22 −6

L middle temporal gyrus 21 −58 −16 −22

Table 4 | Local maxima of sources showing a power decrease (beta

band) for preparation for overt vs. covert reading.

Region BA MNI-

coordinates

Cluster

size

p-Value

R postcentral gyrus 1 26 −36 72 1986 p = 0.017

R superior parietal lobe 7 18 −78 48

L superior parietal lobe 5 −20 −44 58 11405 p = 0.000

L inferior parietal lobe 40 −36 −74 48

L area SPT 40 −54 −42 22

L articulatory motor 4 −46 −13 34

L superior temporal gyrus 42 −50 −38 16

L inferior temporal gyrus 20 −46 −36 −16

suppression was observed in the articulatory motor cortex and
area SPT.

Comparison of master-slave models against models with bidi-
rectional coupling revealed that the speech production network
is bidirectionally coupled in beta phase within hemispheres
(Figure 8A). Assuming bidirectional coupling between hemi-
spheres, the model with coupling between the SMA and bilateral
dPMC, but no other interhemispheric coupling, was selected by
Bayesian model comparison (Figure 8B). In all network connec-
tions, beta phase coupling was modulated by preparation for overt
reading (Figure 8C).
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DISCUSSION
The setup of the speech production network was associated with
a sustained reduction in oscillatory alpha and beta power that
occurred about 350 ms after cue presentation. These changes
were primarily left-lateralized, particularly in temporal cortex.
While auditory regions showed stronger suppression and later-
alization of alpha power, the auditory-motor region area SPT, and
the articulatory motor cortex showed primarily suppressed beta
power when speaking was anticipated. Note that alpha suppres-
sion extended beyond sensory cortices: we observed this sustained
power decrease also in mid-temporal regions related to phonol-
ogy like the superior temporal sulcus (Hickok and Poeppel, 2007)
and also in the SMA. Changes in both alpha and beta oscillations
have previously been shown to be behaviorally relevant (Ham-
mond et al., 2007; Dugue et al., 2011). Our data indicate that
cognitive planning prior to actual sensory or motor processing
could contribute to such changes in behavior. Those findings sug-
gest that preparation of the speech production network extends
beyond parietal regions that have previously been related to the
conscious introspection of the intention to speak (Carota et al.,
2010).

Alpha oscillations are thought to rhythmically inhibit sensory
cortices (Jensen and Mazaheri, 2010; Klimesch et al., 2011). Audi-
tory cortex activation has been related to alpha suppression (Hart-
mann et al., 2012). The observed alpha suppression in sensory,
associative, and premotor regions in this study could tentatively
be interpreted as an active disinhibition of task-relevant regions.
This parallels findings of increased preparatory BOLD activity in
auditory cortex during the intention to speak (Kell et al., 2011)

given that alpha oscillation amplitude and BOLD fMRI activity
are typically anti-correlated (Brookes et al., 2005).

Sustained beta power increase has been related to maintenance
of a network in its status quo (Engel and Fries, 2010). The observa-
tion of beta suppression in motor-related regions could indicate a
preparation for a change in the motor system (Saleh et al., 2010).
Importantly, this already occurs before movement or even specific
motor preparation is possible. Thus, beta suppression very likely
plays an additional role to the one previously suggested in the
framework of motor preparation. Whether beta oscillations play
an equivalent inhibitory role in the motor system (Hammond
et al., 2007; Engel and Fries, 2010) compared to alpha oscillations
in more sensory regions, remains open to further research.

An important limitation of our study is the use of an explicit
(overt) and an implicit (covert) condition. We thus cannot exclude
that condition-specific effects are partly related to different levels
of difficulty and attention. A study investigating the interaction
of attentional and task factors could not reveal a modulation of
speech network activity by task difficulty or attentional demand
(Keller and Kell, in preparation).

Although beta power is suppressed in several nodes of the
speech production network, these brain regions mutually increase
their beta phase coupling in anticipation of overt reading. Beta
band synchronicity has previously been related to coupling in
large scale networks like the frontoparieto-occipital visuomotor
network (Roelfsema et al., 1997). We extend this finding to the
speech production network. Interestingly, we did not detect hier-
archical asymmetry in coupling strength between top-down and
bottom-up connections, suggesting that beta synchronicity may

FIGURE 8 | Random effects Bayesian model selection of (A) models with

unidirectional [top-down (td), bottom-up (bu)] and bidirectional (bi)

coupling and (B) models comparing different interhemispheric coupling

(for abbreviations please see text) and (C) models with different

modulatory task effects [no modulation by task (no), modulation of

top-down and bottom-up coupling (all)].
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FIGURE 9 | Comparison of behavioral task set effects from 84

participants with the temporal evolution of oscillations in the actual

study. Instruction delay between cue and target presentation varied
between 330, 670, and 1000 ms. Reaction time was measured as speech
onset for neutral (dark gray) and happy intonation (light gray) after target
presentation. Error bars indicate standard error, *significance at p < 0.05
corrected. Note that the set up of the speech production network coincides
with occurrence of alpha and beta suppression.

indeed play an important role for the setup of the network prior
to stimulus related processing. It is conceivable that this pattern
changes when ongoing top-down and bottom-up processes take
place during execution. Note that our DCMs explain data only
after the visual cue was decoded. This is a trial phase after bottom-
up processing of the cue has taken place. In our study, the premotor
cortex including the dPMC and the SMA connects the left with the
right sensorimotor speech system during network setup. The pre-
motor cortex is thus ideally suited to integrate information from
both hemispheres. This region has previously been associated with

auditory-motor integration (Neef et al., 2011), suggesting that the
bilateral premotor cortex integrates sensory feedback into a motor
program (Hickok et al., 2011).

The effects specifically related to speech preparation were pre-
ceded by condition-independent preparatory effects. An early
posterior alpha and beta suppression which likely originated from
parietal sources was accompanied by a prefrontal increase in low
frequencies ranging from 2 to 15 Hz. Importantly, this low fre-
quency effect was not modulated by specific task content and was
thus observed during task preparation both for overt and for covert
reading. Given that there is considerable debate on what broad
band effects signify, the mechanisms behind such an effect have to
be studied in more detail. Such fronto-parietal activity – although
unlikely oscillatory in nature – could reflect the executive control
of implementing a “task set” (Dosenbach et al., 2006; Sakai and
Passingham, 2006). Given that this activity did not differ between
conditions, the tasks seem to have required similar amounts of
executive control. The observed time courses of this activity sug-
gest that the first 350 ms after cue presentation are used to decode
the instruction and to generate the appropriate rules for behavioral
control. Changes specific to the set up of the speech production
network (sensorimotor alpha and beta suppression) were only
detected after 350 ms. This indicates that it takes at least this time
to set up this large scale network. To test this claim, we performed
an additional behavioral study under the assumption that short
instruction delays of less than 350 ms do not allow a proper setup
of the speech production network resulting in increased reaction
times measured as speech onset after target presentation. Indeed,
shortening instruction delays to 330 ms increased reaction time
in overt reading tasks (Figure 9). This suggests that this dura-
tion does not allow for a proper setup of the speech production
network, extending network setup well into the execution phase
which in turn delays speech onset. We thus believe that sensori-
motor alpha and beta suppression is essential to set up the speech
production network.

Taken together, our findings suggest that the brain sets up the
speech production network by means of beta synchronization and
prepares the network for left-lateralized information processing
by suppression of frontotemporal alpha and beta oscillations.

ACKNOWLEDGMENTS
We want to thank Christian Keller for analyzing lateralization
indices, Lucia Melloni, Cerisa Stawowsky, and Charles Schroeder
for their creative comments and help.

REFERENCES
Boly, M., Garrido, M. I., Gosseries,

O., Bruno, M. A., Boveroux, P.,
Schnakers, C., Massimini, M., Lit-
vak, V., Laureys, S., and Friston,
K. (2011). Preserved feedforward
but impaired top-down processes
in the vegetative state. Science 332,
858–862.

Brookes, M. J., Gibson, A. M., Hall,
S. D., Furlong, P. L., Barnes,
G. R., Hillebrand, A., Singh, K.
D., Holliday, I. E., Francis, S.
T., and Morris, P. G. (2005).

GLM-beamformer method demon-
strates stationary field, alpha ERD
and gamma ERS co-localisation
with fMRI BOLD response in
visual cortex. Neuroimage 26,
302–308.

Carota, F., Posada, A., Harquel,
S., Delpuech, C., Bertrand,
O., and Sirigu, A. (2010).
Neural dynamics of the inten-
tion to speak. Cereb. Cortex 20,
1891–1897.

Dosenbach, N. U., Visscher, K. M.,
Palmer, E. D., Miezin, F. M., Wenger,

K. K., Kang, H. C., Burgund, E.
D., Grimes, A. L., Schlaggar, B.
L., and Petersen, S. E. (2006). A
core system for the implemen-
tation of task sets. Neuron 50,
799–812.

Dugue, L., Marque, P., and Vanrullen,
R. (2011). The phase of ongoing
oscillations mediates the causal rela-
tion between brain excitation and
visual perception. J. Neurosci. 31,
11889–11893.

Edwards, E., Nagarajan, S. S., Dalal, S. S.,
Canolty, R. T., Kirsch, H. E., Barbaro,

N. M., and Knight, R. T. (2010).
Spatiotemporal imaging of cortical
activation during verb generation
and picture naming. Neuroimage 50,
291–301.

Eliades, S. J., and Wang, X. (2008).
Neural substrates of vocalization
feedback monitoring in primate
auditory cortex. Nature 453,
1102–1106.

Engel, A. K., and Fries, P. (2010). Beta-
band oscillations – signalling the sta-
tus quo? Curr. Opin. Neurobiol. 20,
156–165.

Frontiers in Psychology | Language Sciences June 2012 | Volume 3 | Article 169 | 8

http://www.frontiersin.org/Psychology
http://www.frontiersin.org/Language_Sciences
http://www.frontiersin.org/Language_Sciences/archive


Gehrig et al. Speech network setup

Flinker, A., Chang, E. F., Kirsch, H.
E., Barbaro, N. M., Crone, N. E.,
and Knight, R. T. (2010). Single-trial
speech suppression of auditory cor-
tex activity in humans. J. Neurosci.
30, 16643–16650.

Hammond, C., Bergman, H., and
Brown, P. (2007). Pathological syn-
chronization in Parkinson’s disease:
networks, models and treatments.
Trends Neurosci. 30, 357–364.

Hartmann, T., Schlee, W., and Weisz,
N. (2012). It’s only in your head:
expectancy of aversive auditory
stimulation modulates stimulus-
induced auditory cortical alpha
desynchronization. Neuroimage 60,
170–178.

Hickok, G. (2012). Computational
neuroanatomy of speech pro-
duction. Nat. Rev. Neurosci. 13,
135–145.

Hickok, G., Houde, J., and Rong, F.
(2011). Sensorimotor integration in
speech processing: computational
basis and neural organization. Neu-
ron 69, 407–422.

Hickok, G., and Poeppel, D. (2007).
The cortical organization of speech
processing. Nat. Rev. Neurosci. 8,
393–402.

Indefrey, P., and Levelt, W. J. (2004).
The spatial and temporal signatures
of word production components.
Cognition 92, 101–144.

Jensen, O., and Mazaheri, A. (2010).
Shaping functional archi-
tecture by oscillatory alpha
activity: gating by inhibition.
Front. Hum. Neurosci. 4:186.
doi:10.3389/fnhum.2010.00186

Kell, C. A., Morillon, B., Kouneiher, F.,
and Giraud, A. L. (2011). Lateraliza-
tion of speech production starts in
sensory cortices – a possible sensory
origin of cerebral left dominance

for speech. Cereb. Cortex 21,
932–937.

Klimesch, W., Fellinger, R., and Fre-
unberger, R. (2011). Alpha oscil-
lations and early stages of visual
encoding. Front. Psychol. 2:118.
doi:10.3389/fpsyg.2011.00118

Korzeniewska, A., Franaszczuk, P. J.,
Crainiceanu, C. M., Kus, R., and
Crone, N. E. (2011). Dynamics
of large-scale cortical interactions
at high gamma frequencies dur-
ing word production: event related
causality (ERC) analysis of human
electrocorticography (ECoG). Neu-
roimage 56, 2218–2237.

Litvak,V., Mattout, J., Kiebel, S., Phillips,
C., Henson, R., Kilner, J., Barnes,
G., Oostenveld, R., Daunizeau, J.,
Flandin, G., Penny, W., and Fris-
ton, K. (2011). EEG and MEG data
analysis in SPM8. Comput. Intell.
Neurosci. 2011, 852961.

Llorens, A., Trebuchon, A., Liegeois-
Chauvel, C., and Alario, F. X.
(2011). Intra-cranial recordings
of brain activity during language
production. Front. Psychol. 2:375.
doi:10.3389/fpsyg.2011.00375

Maris, E., and Oostenveld, R. (2007).
Nonparametric statistical testing of
EEG- and MEG-data. J. Neurosci.
Methods 164, 177–190.

Morillon, B., Lehongre, K., Frackowiak,
R. S., Ducorps, A., Kleinschmidt,
A., Poeppel, D., and Giraud, A. L.
(2010). Neurophysiological origin of
human brain asymmetry for speech
and language. Proc. Natl. Acad. Sci.
U.S.A. 107, 18688–18693.

Neef, N. E., Jung, K., Rothkegel, H.,
Pollok, B., Von Gudenberg, A. W.,
Paulus, W., and Sommer, M. (2011).
Right-shift for non-speech motor
processing in adults who stutter.
Cortex 47, 945–954.

Oldfield, R. C. (1971). The assess-
ment and analysis of handedness:
the Edinburgh inventory. Neuropsy-
chologia 9, 97–113.

Penny, W. D., Litvak, V., Fuentemilla,
L., Duzel, E., and Friston, K. (2009).
Dynamic causal models for phase
coupling. J. Neurosci. Methods 183,
19–30.

Price, C. J. (2010). The anatomy of lan-
guage: a review of 100 fMRI studies
published in 2009. Ann. N. Y. Acad.
Sci. 1191, 62–88.

Roelfsema, P. R., Engel, A. K., Konig, P.,
and Singer, W. (1997). Visuomotor
integration is associated with zero
time-lag synchronization among
cortical areas. Nature 385, 157–161.

Saarinen, T., Laaksonen, H., Parviainen,
T., and Salmelin, R. (2006). Motor
cortex dynamics in visuomotor pro-
duction of speech and non-speech
mouth movements. Cereb. Cortex
16, 212–222.

Sakai, K., and Passingham, R. E.
(2006). Prefrontal set activity
predicts rule-specific neural pro-
cessing during subsequent cognitive
performance. J. Neurosci. 26,
1211–1218.

Saleh, M., Reimer, J., Penn, R., Ojakan-
gas, C. L., and Hatsopoulos, N.
G. (2010). Fast and slow oscil-
lations in human primary motor
cortex predict oncoming behav-
iorally relevant cues. Neuron 65,
461–471.

Salmelin, R., Schnitzler, A., Schmitz, F.,
and Freund,H. J. (2000). Single word
reading in developmental stutterers
and fluent speakers. Brain 123(Pt 6),
1184–1202.

Towle, V. L., Yoon, H. A., Castelle, M.,
Edgar, J. C., Biassou, N. M., Frim,
D. M., Spire, J. P., and Kohrman,
M. H. (2008). ECoG gamma activity

during a language task: differentiat-
ing expressive and receptive speech
areas. Brain 131, 2013–2027.

Van Veen, B. D., Van Drongelen,
W., Yuchtman, M., and Suzuki, A.
(1997). Localization of brain electri-
cal activity via linearly constrained
minimum variance spatial filter-
ing. IEEE Trans. Biomed. Eng. 44,
867–880.

Wang, X. J. (2010). Neurophysiological
and computational principles of cor-
tical rhythms in cognition. Physiol.
Rev. 90, 1195–1268.

Wilke, M., and Lidzba, K. (2007). LI-
tool: a new toolbox to assess later-
alization in functional MR-data. J.
Neurosci. Methods 163, 128–136.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 27 January 2012; accepted: 10
May 2012; published online: 06 June
2012.
Citation: Gehrig J, Wibral M, Arnold
C and Kell CA (2012) Setting up the
speech production network: how oscilla-
tions contribute to lateralized informa-
tion routing. Front. Psychology 3:169. doi:
10.3389/fpsyg.2012.00169
This article was submitted to Frontiers in
Language Sciences, a specialty of Frontiers
in Psychology.
Copyright © 2012 Gehrig , Wibral,
Arnold and Kell. This is an open-access
article distributed under the terms of
the Creative Commons Attribution Non
Commercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

www.frontiersin.org June 2012 | Volume 3 | Article 169 | 9

http://dx.doi.org/10.3389/fnhum.2010.00186
http://dx.doi.org/10.3389/fpsyg.2011.00118
http://dx.doi.org/10.3389/fpsyg.2011.00375
http://dx.doi.org/10.3389/fpsyg.2012.00169
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Language_Sciences/archive

	Setting up the speech production network: how oscillations contribute to lateralized information routing
	Introduction
	Materials and methods
	Participants
	Stimuli and design
	Data acquisition
	Data analysis
	Behavioral study

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


