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Abstract

We used whole-head magnetoencephalography to investigate cortical activity during two oromotor
activities foundational to speech production. 13 adults performed mouth opening and phoneme (/
pa/) production tasks to a visual cue. Jaw movements were tracked with an ultrasound-emitting
device. Trials were time-locked to both stimulus onset and peak of jaw displacement. An event-
related beamformer source reconstruction algorithm was used to detect areas of cortical activity
for each condition. Beamformer output was submitted to iterative K-means clustering analyses.
The time course of neural activity at each cluster centroid was computed for each individual and
condition. Peaks were identified and latencies submitted for statistical analysis to reveal the
relative timing of activity in each brain region. Stimulus locked activations for the mouth open task
included a progression from left cuneus to left frontal and then right pre-central gyrus. Phoneme
generation revealed the same sequence but with bilateral frontal activation. When time locked to
jaw displacement, the mouth open condition showed left frontal followed by right frontal-temporal
areas. Phoneme generation showed a complicated sequence of bilateral temporal and frontal areas.
This study used three unique approaches (beamforming, clustering and jaw tracking) to
demonstrate the temporal progression of neural activations that underlie the motor control of two
simple oromotor tasks. These findings have implications for understanding clinical conditions with
deficits in articulatory control or motor speech planning.
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INTRODUCTION

Speech production is a complex human motor behaviour that requires the seamless
integration of many individual components of several motor systems, including the
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articulatory control of oromotor structures. Non-speech mouth movements also require
coordination of these same muscles and, presumably, similar neural pathways. However, the
neural control of oromotor processes for both speech and non-speech tasks are not well
understood.

Neuroimaging studies have contrasted cortical activation patterns during speech and non-
speech oromotor tasks. fMRI studies reported that speech movements were associated with
more activations in left primary motor cortex [31] and right cerebellum [20] whereas the
non-speech tasks were associated with bilateral and symmetric cortical and cerebellar
activations.

Converging evidence from diffusion tensor tractography and fMRI [27] demonstrated that
cortical areas involved in vocal motor control showed bilateral involvement for volitional
respiratory control, which is left lateralized for syllable production. They suggest that the
motor cortex provides a common bilateral structural network for various basic voluntary
vocal motor tasks on top of which a left-lateralized functional network involved in the
production of complex voluntary vocal behaviours is overlaid. Clinical practice is built on
this assumption that treatment with nonspeech oral motor exercises will facilitate the
recovery of speech sound production [21]. However, this assumption has not been fully
examined.

Whole-head magnetoencephalography (MEG) offers the ability to study the spatiotemporal
dynamics of speech mator production in humans, but thus far, has been primarily used for
the study of language comprehension (for a review see [23]). A primary challenge of using
MEG to study the neural basis of speech production is the presence of artefacts generated by
oromotor structures that can overwhelm the MEG signal. To address this challenge, many
groups developed silent, or covert, expressive language tasks. Using dipole analysis and a
silent word stem completion task, Dhond and colleagues [8] reported early activation of
occipital sensory areas with left-lateralized spread to posterior temporal areas and then into
insulo-opercular regions when homologous regions become involved to demonstrate late
bilateral activation. Increasingly complex language tasks have identified neural areas
involved in phonological processing [29], imaginary speech articulation [15], action naming
[4], object naming [16] and word reading [30]. Investigations of the spatio-temporal
distribution of oscillatory desynchrony changes have identified comparable neural areas
involved in syntax processing for word reading [13] and verb generation [19]. Furthermore,
it was demonstrated with MEG that observation and imitation of lip movements activated, in
sequence, occipital to temporal to parietal to inferior frontal to primary motor areas [18].
While silent tasks have addressed the significant artefact problem, it has, unfortunately, also
limited the study of the oromotor planning and motor control involved in language
production.

A few studies have used overt language production. The first MEG study of expressive
language used a subtraction between the overt language conditions with pure visual sensory
conditions and successfully identified left inferior frontal regions [24]. With an overt naming
task, areas of neural preparation for language production were identified in bilateral inferior
frontal and left precentral regions [12]. A recent MEG study examined the intention to speak
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and found that, in addition to the expected frontal-temporal areas, parietal cortex was a key
mechanism for monitoring speech intention [5].

Lesion studies demonstrated that the left precentral gyrus of the insula is a critical brain area
for the coordination of complex articulatory movements [10], and this area was not
implicated when patients were asked to generate words with minimal articulatory
complexity [1]. MEG has been used to examine motor cortex involvement. Focussing on
changes in the 20 Hz beta frequency band, which are predominant oscillations found in
sensorimotor cortex, an MEG study by Salmelin & Sams [25] examined brain activity
accompanying verbal and non-verbal lip and tongue movements. They reported that, while
both hemispheres are active, left motor face area acts as a primary control centre while right
homologous areas play a subordinate role. In another study comparing speech and non-
speech mouth movements, Saarinen and colleagues [22] reported that left hemisphere 20 Hz
suppression preceded the right for both speech and non-speech productions. Furthermore,
consistent with the earlier cited lesion studies, left-hemisphere 20 Hz suppression in motor
cortex increased with word sequence length and motor demands [22].

While the extant MEG literature has primarily used dipole source analysis to identify neural
regions, we propose here an analysis strategy employing source reconstruction protocols
based on spatial filtering methods. Specifically, event-related beamforming (ERB) allows a
different approach to the analysis of whole-head MEG data by identifying multiple sources,
without a priori specification [6]. As well, the ERB approach has demonstrated success at
artefact suppression [7]. In addition to the application of ERB to whole-head MEG data, we
introduce a novel clustering analysis to reduce the ERB data, and we use an innovative jaw-
tracking method to time-lock our epochs. Thus, in the current study, we apply new methods
to investigate the sequence of neural activations involved in two simple oromotor activities
that are foundational to the motor control involved in the production of speech.

MATERIAL AND METHODS

Subjects

Thirteen right-handed adults (6 females, mean = 28 years) participated. All reported no
history of neurological, speech-language, or hearing difficulties.

Tasks and Stimuli

Participants performed an oromotor task and a basic speech task that used the same initial
bilabial movement. The former involved opening and closing their mouths and the latter
involved speaking the phoneme /pa/ out loud; both movements were practised and made as
uniform and stereotyped as possible. Subjects completed 115 trials of each movement, in
separate conditions, cued by the appearance of a small circle on a screen, and at a variable
inter-stimulus interval of 3500-3900 msec.
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Data Acquisition

Magnetoencephalography (MEG)—MEG data were acquired using a whole-head 151-
channel CTF system. Data were acquired continuously (2500Hz, DC-200Hz filters). Head
movement tolerance was less than 5 mm. A 1.5T T1 3D SPGR MRI was obtained.

Jaw Motion—To track 3-dimensional jaw displacement simultaneously with MEG
recordings, we used an ultrasonic tracking system (100Hz sampling rate) with a small light-
weight emitting device attached just below the bottom lip at midline (Zebris Medical GmbH,
Germany).

Data Analysis

Continuous MEG data were bandpass filtered from 1-30 Hz and epoched in two ways: 1)
time-locked to the visual cue onset (‘cue’) with light onset as time zero; 2) time-locked to
maximal jaw displacement (‘jaw”) as captured by largest deflection on Zebris ultrasonic
emitter with maximal jaw displacement as time zero. Analyses with ‘cue’ triggers were
epoched from — 0.5 to +1.0 sec. For the ‘jaw’ epochs, the time of maximal jaw displacement
during each movement was marked and data were epoched from —1.0 to +0.5 sec.

An event-related beamformer (ERB, [6]) algorithm was used to compute time-locked neural
activity over the whole head with 5mm spatial resolution. ERB images were created at 5ms
increments, co-registered to individual MRIs, and normalized to the MNI template using
SPM2. Images were averaged across subjects for all conditions (mouth open and /pa/) for
both stimulus-locked and movement-locked activity (‘cue’ and ‘jaw’). To include only the
top 15% of activations at each time slice, a threshold of 85% maximum activation was
applied.

At each time point from cue onset (‘cue’) to peak movement (‘jaw’), all brain areas with
supra-threshold activations were identified and these data then pooled to provide 5-
dimensional plots of the magnitude of all brain area activations by latency, and magnitude
for each condition. A manual sort by brain area and number of peaks removed single-point
activations. Also, visual inspection of the data revealed that the beamformer localized
sources of jaw movement artefact just inferior to cortical boundaries in the jaw area but also
extending posteriorly, thus, we excluded brainstem and cerebellum from further analyses.

Data Reduction and Statistical Analysis

The Talairach coordinates for all brain areas remaining in the raster plot were submitted to
iterative K-means clustering analysis. K-means clustering is an unsupervised learning
algorithm which partitions data points into clusters [26,28]. This iterative partitioning
minimized the sum, over all clusters, of the within-cluster sum of absolute differences
(point-to-cluster-centroid distances). To ensure that the iterative clustering algorithm
converged to a global minimum, Talairach coordinates of the largest activation in each brain
area was used as cluster centroid starting locations, or seed points. For each cluster
identified, a cluster centroid, which represented the component-wise median of the points in
that cluster, was computed. Data points within 1.5 cluster standard deviations were retained,
and a new seed point added for points located >1.5 SD from the centroid, and re-submitted

Neurosci Lett. Author manuscript; available in PMC 2016 May 27.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Memarian et al.

RESULTS

Page 5

to the clustering analyses. This was repeated until all data points were located <1.5 SD from
a cluster centroid. This allowed an automated approach to identifying clusters and was
sufficiently sensitive to differentiate adjacent clusters.

Coordinates of the cluster centroids were identified and unwarped back to each individual’s
MRI. Time course data (i.e., a virtual sensor) of the neural activity at each centroid location
was computed for each subject and a grand-averaged source waveform was computed for
each centroid location and smoothed by filtering between 1-30 Hz. A z-test (p<0.01) on the
magnitude of the signal identified virtual sensor locations with significant activations.
Virtual sensors with no significant peaks were excluded from further discussion. The
individual time courses from these locations were computed and manually peak picked. The
latencies were submitted to one-way ANOVAs with brain region as a factor. Tukey post-hoc
analyses were conducted to identify significantly different latencies. The spatiotemporal
time course for each condition was obtained by mapping the significant peaks across brain
areas.

Grand average response times between ‘cue’ and ‘jaw’ for mouth open was 456 ms + 26.5
SEM and for /pa/ was 531 ms+ 28.5 SEM. The /pa/ productions were significantly slower
than mouth open (p<0.05).

Figure 1 shows the cluster results and thresholded significant virtual sensors for the mouth
open condition time-locked to the onset of the stimulus (‘cue’). Cluster analysis identified 5
regions, one of which was the mouth artefact. The virtual sensors demonstrated that all 4
brain regions showed significant peak magnitudes (see Table 1). The ANOVA showed a
significant effect of location (F(3,44)=222.9; p<0.001) and post-hoc analyses (see Table 2)
revealed that left insula and L MFG were not significantly different. Thus, the sequence of
activations progressed from left cuneus to left frontal areas to right pre-central gyrus.

Cluster analysis, for generation of the phoneme /pa/ time-locked to the onset of the stimulus
(‘cue”), identified 8 clusters but only 5 virtual sensor magnitudes were significant (p<.01;

see Table 1). In addition to areas seen with mouth open, for /pa/, right inferior frontal gyrus
was also involved ((F(4,55)=4.5; p<0.001); see Table 2). Again, activations proceeded from
posterior to anterior along a ventral pathway; however, bilateral frontal areas were included.

When time-locked to maximal jaw deflection (‘jaw’), the neural areas of interest occur prior
to the maximal deflection, which is notated as time zero. The latencies are thus negative
numbers. Cluster analysis, for mouth open time-locked to ‘jaw’, identified 9 clusters with 5
virtual sensor peaks passing significance for magnitude (p<0.01; see Table 1). While the
ANOVA was significant (F(4,55)=4.17; p<.005), there were not as many differences on post-
hoc testing (see Table 2). Basically, the activation progressed from frontal-motor to right
temporal-motor areas.

Cluster analysis for /pa/ production time-locked to maximal jaw deflection (‘jaw’) identified
9 clusters although only 6 peaks were significant magnitude (P<0.01; see Table 1). The
ANOVA showed a main effect (F(5,66)=2.69; p<0.03) but post-hoc analyses showed a more
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complicated pattern (see Table 2). Activations progressed from left temporal / right frontal to
right temporal / left frontal areas. In both /pa/ conditions, right inferior frontal gyrus was
involved.

DISCUSSION

Using MEG spatial filtering techniques, clustering analysis and a jaw tracking device, we
identified neural patterns of activation for two oromotor tasks that were similar in initial
motor movement, but with different goals of motor output (speech versus non-speech).
Phoneme production required additional brain areas involved in phoneme selection and the
articulatory control of speech, but probably utilized similar sensorimotor control areas. By
contrasting stimulus and response time-locking of averaged brain activity, we could examine
neural areas that responded to the stimulus to initiate the response, or motor control areas
that occurred during response production. The findings of this study raise a number of points
for discussion.

A meta-analysis [14] of behavioural and ERP word production studies compiled timing
information and identified the following sequence of activations: visual recognition
involving occipital areas and object conceptualization in ventrotemporal areas from 0-175
ms; access of mental lexicon associated with left middle temporal gyrus from 175-250 ms;
phonological code retrieval involving left hemisphere posterior middle temporal and
superior temporal gyri (Wernicke’s area) at 250-330 ms; and finally, oral output preparation
engaging left inferior frontal gyrus (Broca’s area) and bilateral sensorimotor areas after 330
ms. Results from another MEG study [12] identified a faster timing of activations: primary
sensory (auditory or visual) between 75-130 ms, association cortices (inferior and superior
temporal gyri) between 150-240 ms, bilateral inferior frontal and left precentral at 220 ms.
Our current results showed the same sequence of activations with comparable timing, from
sensory to association and planning to motor areas. In both of our tasks, motor areas
activated in the 250-300 ms range. Given that we observed a mean latency of maximal jaw
deflection at 456 ms and 531 ms for mouth open and /pa/, respectively, precentral gyrus
activation in the 250-300 ms range coincides with activation of motor preparatory responses.

Interestingly, the slight increase in task demands of phoneme production compared to the
simpler mouth open task recruited additional activation of the right frontal areas. While we
generally expected greater involvement of left inferior frontal activation in expressive
language tasks, right homologous activation has been seen in other tasks involving
articulatory control [25]. In fact, these data concur with an MEG study examining
involvement of insular cortex during imaginary speech articulation [15]. This group found
right dominant activation with verbal responses if the speech responses were easier and thus,
more ‘automatic’. The use of a simple phoneme /pa/, in our study, suggests that the response
might have been highly automated and thus more right-hemisphere dominant. Conversely, in
the analyses of the averages time-locked to jaw displacement, we saw significant left inferior
frontal activation. When time-locked to jaw displacement, the neural areas activated were
most likely related to motor planning and motor control systems [14,17]. These include
bilateral superior temporal gyri (BA 38 and 22) and bilateral pre-motor areas (BA 6). As
well, bilateral inferior frontal gyri (BA 9) are part of the dorsolateral prefrontal cortices and
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are involved in maintaining attention to task. While these motor areas are identified with the
jaw onset epochs, in general, fewer neural areas were identified this way, compared to using
stimulus on as the epoch trigger. This is consistent with the finding of 20 Hz modulation
when using speech and non-speech mouth movements [22]. These authors compared visual
cue onset versus EMG-onset and found stimulus locked analyses to produce more reliable
activations. This may be due to difficulty in reproducing the exact EMG onset between
trials, and in the current experiment, the difficult in marking the exact maximal jaw
displacement between trials. The fast and tightly-linked progression of activations in the
motor system suggest that even millisecond variability in the manual marking of triggers
might be sufficient to obscure the neural response with latency jitter. Further, visual
inspection of the virtual sensor data suggest that there is a cascade of activations in these
sensorimotor and motor control areas that remain active after maximal jaw displacement and
are probably related to feedback and response monitoring functions [32]. This is more
pronounced in the /pa/ condition, perhaps related to the mildly more complex nature of the
task.

It is important to note that right and left frontal regions are activated in both speech and non-
speech tasks in our study. We found no clear left hemisphere dominance per se for the
speech task. This is consistent with more recent speculations within the literature that left
greater than right asymmetries may be due to stimulation paradigms and task parameters [9].
We did observe an almost exclusive activation of right pre-central gyrus. There are reports in
the literature of left hemisphere motor cortex suppression in verbal compared to bilateral
suppression for non-verbal tasks [22,25], which may explain the right pre-central gyrus
activations seen in our study. However, an alternative explanation, proposed by Bozic and
colleagues [2], suggests that the general perceptual and cognitive aspects of speech are
controlled by a bilateral distributed network, whereas the specific grammatical aspects of
language, unique to humans, are subsumed in the left hemisphere [2].

Finally, our findings suggest that both ventral and dorsal pathways may be recruited for
simple speech tasks. While it is agreed that both ventral and dorsal pathways connect
language centres in the brain, the exact contributions of each pathway are a matter of debate
[11], but it is thought that the dorsal pathway is involved in more complex syntactic
functions while the ventral path is involved in comprehension (see [3]). In the current study,
the spatiotemporal sequence following stimulus onset involves the ventral pathway while the
spatiotemporal sequence preceding maximal jaw displacement involves the dorsal pathway.
Our findings suggest that both pathways may be recruited for even simple tasks; but the fast
transition between areas cannot be captured by traditional methods such as PET and fMRI,
nor can it be captured by ERP due its inability to adequately resolve dorsal versus ventral
activations, or dissociate them from the auditory response.

In summary, by using event-related beamforming on MEG data and time-locking our
responses to stimulus onset, we identified the time course of neural activations involved in
stimulus processing and response selection. By back-averaging to jaw displacement, we
identified movement evoked neural activations related to two oromotor tasks that underlie
language production. Much of the extant neuroimaging literature has focused on delineating
the neural activations involved in language processing. The current study takes this one step
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further by examining the pattern of neural processes underlying the motor control of speech
and non-speech motor execution which may have important implications in the study of
language disorders (e.g., dyspraxia) that may involve underlying deficits in articulatory
control and motor programming aspects of speech production.
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Results from mouth open, time-locked to stimulus onset (‘cue’) condition. Three-
dimensional plot of the cluster analysis results are on the bottom left. All clusters are
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labelled. On the right, time-course virtual sensors were re-constructed at the cluster centroid
location and peaks with significant magnitude were identified. Each of these virtual sensors

is shown with the significant peak labelled.
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