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Abstract: Compared with complex coordinated orofacial actions, few neuroimaging studies have
attempted to determine the shared and distinct neural substrates of supralaryngeal and laryngeal articu-
latory movements when performed independently. To determine cortical and subcortical regions associ-
ated with supralaryngeal motor control, participants produced lip, tongue and jaw movements while
undergoing functional magnetic resonance imaging (fMRI). For laryngeal motor activity, participants
produced the steady-state/i/vowel. A sparse temporal sampling acquisition method was used to mini-
mize movement-related artifacts. Three main findings were observed. First, the four tasks activated a set
of largely overlapping, common brain areas: the sensorimotor and premotor cortices, the right inferior
frontal gyrus, the supplementary motor area, the left parietal operculum and the adjacent inferior parie-
tal lobule, the basal ganglia and the cerebellum. Second, differences between tasks were restricted to the
bilateral auditory cortices and to the left ventrolateral sensorimotor cortex, with greater signal intensity
for vowel vocalization. Finally, a dorso-ventral somatotopic organization of lip, jaw, vocalic/laryngeal,
and tongue movements was observed within the primary motor and somatosensory cortices using indi-
vidual region-of-interest (ROI) analyses. These results provide evidence for a core neural network
involved in laryngeal and supralaryngeal motor control and further refine the sensorimotor somatotopic
organization of orofacial articulators. Hum Brain Mapp 33:2306-2321, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The neural correlates of orofacial motor control have been
extensively studied in the context of coordinated actions
such as mastication (Lund and Kolat, 2006; Nakamura and
Katakura, 1995; Onozuka et al., 2007), swallowing (Hamdy
et al., 1999; Humbert and Robbins, 2007; Leopold and
Daniels, 2009; Martin et al., 2001, 2004, 2007; Peeva et al.,
2009; Sawczuk and Mosier, 2005), whistling (Dresel et al.,
2005), phonation and vocalization (Brown et al., 2008; Jiir-
gens, 2002, 2009; Schulz et al., 2005; Simonyan et al., 2009;
Smotherman, 2007) as well as speech production (Bohland
and Guenther, 2006; Brown et al., 2005; Brown, Ngan and
Liotti, 2008; Chang et al., 2009; Guenther et al., 2006; Lotze
et al., 2000a; Murphy et al., 1997; Ozdemir et al., 2006;
Riecker et al.,, 2000a,b, 2005, 2008; Soros et al.,, 2006;
Terumitsu et al., 2006; Wise et al., 1999).

However, compared with complex coordinated orofacial
actions, less is known about the shared and distinct neural
substrates of supralaryngeal and laryngeal articulatory
movements when they are performed independently
(Brown et al., 2008; Dhanjal et al., 2008; Hesselmann et al.,
2004; Lotze et al., 2000a; Pulvermiller et al., 2006;
Terumitsu et al., 2006). Previous neuroimaging studies of
simple orofacial movements have primarily focused on the
somatotopic organization of orofacial articulators within
the primary sensorimotor cortex (Brown et al., 2008;
Hesselmann et al., 2004; Lotze et al., 2000a; Pulvermiller
et al., 2006; Terumitsu et al., 2006). Since the early electro-
cortical mapping studies during awake neurosurgical
operations (Penfield and Boldrey, 1937, Penfield and
Rasmussen, 1950), it is well known that the motor and
somatosensory cortices are broadly arranged somatotopi-
cally, with an orderly organization of sensorimotor areas
responsible for motor control and sensory integration of
different parts of the human body. Despite large activation
overlap, Penfield and Rasmussen (1950) observed a dorso-
ventral somatotopic organization for the lips, jaw, tongue,
and pharynx, respectively. Since then, these results have
been partly reproduced using functional magnetic reso-
nance imaging (fMRI), with recent studies demonstrating
topographically dorso-ventral ordered positions within the
primary sensorimotor cortex for lip and tongue move-

Abbreviations

ANOVA  analysis of variance

BOLD blood-oxygen-level dependence
COG centre of gravity

EPI echoplanar imaging

FIR finite impulse response

fMRI functional magnetic resonance imaging
GLM general linear model

MNI Montreal neurological institute
ROIL region-of-interest

TR repetition time

ments (Hesselmann et al., 2004; Lotze et al., 2000a; Pulver-
miiller et al., 2006). The location of a larynx-specific area
in the primary motor cortex appears less clear with two
recent studies reporting different positions for laryngeal
movements among lips and/or tongue motor areas and
varying across hemispheres (Brown et al., 2008; Terumitsu
et al., 2006). Finally, in our best knowledge, no brain-
imaging study attempted to localize an area controlling
jaw movements and to place this area in a somatotopic
context.

While the existence of an orofacial sensorimotor somato-
topy per se makes no doubt in light of previous studies,
only few of them explored and directly compared within
the same participants the neural correlates of simple
supralaryngeal and laryngeal movements (Brown et al.,
2008; Dhanjal et al., 2008). It appears, however, important
to further precise how the basic orofacial articulators are
mutually organized in the human brain. Notably, in the
context of speech studies, speech production models often
involve detailed sensorimotor maps in which each articu-
lator has a specific role and a specific representation
(Guenther et al., 2006; Guenther and Vladusich, in press).
In this framework, while lips and tongue are often consid-
ered as the two basic supralaryngeal articulators for
speech production, jaw is also considered as playing a
crucial role in the development of speech motor control
particularly in relation with the acquisition of syllables
(MacNeilage, 1998). The coordination of laryngeal and
supralaryngeal articulators during speech production is
also essential at both the segmental and suprasegmental
levels. From this view, previous neuroimaging studies on
orofacial motor control provide “an overall picture of
somatotopy with overlap” (Takai et al., 2010) and suggest
a highly integrated system for laryngeal and supralaryng-
eal functions.

In this study, we used fMRI with sparse temporal image
acquisition to further clarify the shared and distinct neural
substrates of simple lip, tongue, jaw and vocalic/laryngeal
movements. For supralaryngeal articulators, participants
performed independent lip protrusion, jaw lowering, and
tongue retraction movements. To determine laryngeal
motor activity, participants produced the steady-state/i/
vowel. Although vowel vocalization involves activity of
other orofacial articulators, a larynx-specific area in the
primary motor cortex has been shown to be activated com-
parably by vocalic and nonvocalic laryngeal tasks (i.e.,
production of the schwa vowel vs. forced adduction of the
vocal folds in the absence of any voicing; Brown et al,,
2008). Furthermore, vocalization of the unrounded front
high/i/vowel likely involved lower activity of the lip and
jaw muscles than for other rounded and/or low vowels.
In summary, our design improves upon previous studies
by precising at once (1) the shared and distinct neural
substrates of supralaryngeal and laryngeal movements in
relation to speech and non-speech orofacial gestures and
(2) the sensorimotor somatotopic organization of lip, jaw,
vocalic/laryngeal, and tongue movements, using the
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Figure 1.

(A) Experimental design. The vowel vocalization task was
performed in three functional runs (as part of a larger speech
production study) preceding a functional run related to the supra-
laryngeal motor tasks. Each motor or resting condition occurred
18 times in a pseudorandomized order. (B) Timeline of a single trial.
For each trial, the time interval between the visual instruction onset

sparse temporal sampling method to minimize articula-
tory-related movement image artifacts.

METHODS
Participants

Thirteen healthy adults (eleven males and two females
with a mean age of 29 years, ranging in age from 21 to 44
years), native French speakers, participated in the study after
giving their informed consent. All were right-handed accord-
ing to a standard handedness inventory (Oldfield, 1971),
had normal or corrected-to-normal vision and reported no
history of motor, speaking or hearing disorders. Participants
were screened for neurological, psychiatric, other possible
medical problems and contraindications to MRI. The
protocol was approved by the Grenoble University Ethical
Committee and was carried out in accordance with the
ethical standards of the 1964 Declaration of Helsinki.

Tasks

The experimental paradigm of the present study is
depicted in Fig. 1. All participants first performed a vowel
vocalization task in three functional runs, as part of a
larger speech production study (including other speech
stimuli to be produced; data not reported here). Partici-
pants were instructed to overtly produce the steady-state/
i/vowel, which requires laryngeal activation for phonation.
A resting condition, without any movement, served as
baseline. Importantly, although the vowel vocalization task
was performed to determine laryngeal motor activity, it

and the midpoint of the following functional scan acquisition was
randomly varied between 4 s, 5 s, or 6 s. In each trial, a 1,000 ms
visual instruction informed the participants about the motor condi-
tion or the resting baseline (blue rectangle). TR: repetition time; TA
= acquisition time. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

also involved activity of tongue and lip muscles. However,
the rationale to include this condition was based on the fol-
lowing points. First, because some previous studies dealing
with laryngeal activity also used a vowel vocalization task
(Brown et al., 2008; Terumitsu et al., 2006), this condition
allowed to compare and to discuss the observed activity in
this condition. Second, compared with other vowels, the
steady-state vocalization of the unrounded/front/high/i/
vowel likely involved lower activity of the lip and jaw
muscles than for rounded/low vowels. Third, compared
with a pure motor laryngeal task (as vocal-fold adduction
movements performed in Brown et al.’s study, 2008), the/
i/vowel was hypothesized to require minimal involvement
of the pharyngeal part of the tongue and to be easier and
more natural to produce. Finally, it is also worthwhile not-
ing that a larynx-specific area in the primary motor cortex
has been shown to be activated comparably by nonvocal
and vocal laryngeal movements (Brown et al., 2008) and
that vowel vocalization and non-speech orofacial move-
ments have been shown to involve very similar activation
of the sensorimotor system, besides specific auditory and
phonological activations in the bilateral temporal cortices
for vowel vocalization (Soros et al., 2006).

In a subsequent functional run, done within the same
imaging session and using exactly the same acquisition
parameters, three orofacial motor tasks were performed in-
dependently and without phonation: a lip protrusion move-
ment, a tongue retraction movement (the tongue turned in
the back of the mouth) and a jaw lowering movement. As
previously, a resting condition was also added.

For all motor conditions, participants were instructed to
initiate and end each movement from a resting state
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position, with the mouth closed and the tongue and jaw
relaxed. In each trial, a 1,000 ms visual instruction
informed the participants about the motor condition (“i,”
“tongue,” “lip,” “jaw”) or the resting baseline (“pause”)
and indicated the onset and offset of the movement or the
vowel vocalization for the motor conditions. Participants
were instructed to initiate each motor task as soon as they
perceived the visual instruction and to maintain the
production/movement until the visual cue disappeared.

Apart from articulatory movements, participants were
instructed not to move during the whole experimental ses-
sion to avoid head-movement artifacts. They were trained
a few days before the scanning session and all the motor
tasks were practiced again just before entering into the
scanner. No participant reported any difficulty performing
the tasks.

Data Acquisition

Magnetic resonance images were acquired with a 3T
whole-body MRI scanner (Bruker Medspec S300). Partici-
pants laid supine in the scanner with head movements
minimized with a standard birdcage head coil and foam
cushions. Visual instructions were presented using Presen-
tation software (Neurobehavioral Systems, Albany) and
displayed on a screen situated behind the scanner and
viewed on a mirror fixed above the subject’s eyes.

A high-resolution T1-weighted whole-brain structural
image was first acquired for each participant (MP-RAGE,
sagittal volume of 256 x 224 x 176 mm® with a 1 mm iso-
tropic resolution, inversion time = 900 ms, two segments,
segment repetition time = 2,500 ms, segment duration =
1,795 ms, TR/TE = 16/5 in ms with 35% partial echo, flip
angle = 30°). Functional images were then obtained using
a T2*-weighted, echoplanar imaging (EPI) sequence with
whole-brain coverage (TR = 10 s, acquisition time = 2,600
ms, TE = 30 ms, flip angle = 90°). Each functional scan
comprised forty axial slices parallel to the anteroposterior
commisural plane acquired in interleaved order (72 x
72 matrix; field of view: 216 mm; 3 x 3 mm? in plane reso-
lution with a slice thickness of 3 mm without gap).

To avoid movement artifacts due to vowel vocalization
and articulatory movements (Birn et al., 1999; Bohland and
Guenther, 2006; Gracco et al., 2005; Hall et al., 1999; Soros
et al., 2006), and to minimize scanner noise, a “sparse sam-
pling” acquisition paradigm was used (see Fig. 1). This ac-
quisition technique is based on neurophysiological
properties of the slowly rising hemodynamic response,
which is estimated to occur with a 4-6 s delay in case of
overt speech sequences or articulatory movements (Boh-
land and Guenther 2006; Gracco et al., 2005; Soros et al.,
2006). In this study, functional scanning therefore occurs
only during a fraction of the TR, alternating with silent
interscanning periods, where participants produced oral
movements. For each TR, the time interval between the
visual instruction onset and the midpoint of the following

functional scan acquisition was varied between 4 s, 5 s or
6 s. The order of delay times was pseudorandomly coun-
terbalanced within both runs and conditions (the same
delay of acquisition never occurred twice in successive
scans). In addition, each motor or resting condition
occurred 18 times in a pseudorandomized order (the same
condition never occurring twice in succession). Altogether,
108 functional scans were therefore acquired (4 + 2 condi-
tions x 18 trials). Three “dummy” scans at the beginning
of each run were added to allow for equilibration of the
MRI signal and were removed from the analyses.

Data Analysis

Data were analyzed using the SPM5 software package
(Wellcome Department of Imaging Neuroscience, Institute
of Neurology, London, UK) running on Matlab 7.1 (Math-
works, Natick, MA). Brain activated regions were labeled
using the SPM Anatomy toolbox (Eickhoff et al., 2005)
and, when necessary, using the Talairach Daemon soft-
ware (Lancaster et al., 2000). Region-of-interest (ROI) anal-
yses were performed using the SPM PickAtlas Toolbox
(Maldjian et al., 2003). For visualization, activation maps
were superimposed on a standard brain template using
the MRICRON software (http://www.sph.sc.edu/comd/
rorden/mricron/).

Data preprocessing

Before statistical analyses, the first three volumes of
each run (‘dummy’ scans) were discarded and 108 vol-
umes were used for the analyses. For each participant, the
functional series were first realigned by estimating the six
movement parameters of a rigid-body transformation to
control for head movements between scans. After segmen-
tation of the T1 structural image and coregistration to the
mean functional image, all functional images were spa-
tially normalized into standard stereotaxic space of the
Montreal neurological institute (MNI) using segmentation
parameters of the T1 structural image. All functional
images were then smoothed using a 6 mm full-width at
half maximum Gaussian kernel, to improve the signal-to-
noise ratio and to compensate for the anatomical variabili-
ty among individual brains.

Group analysis

For each participant, the neural correlates related to the
motor tasks were analyzed using the general linear model
(GLM,; Friston et al., 1995). The GLM included regressors of
interest related to the four conditions (vowel, lip, tongue,
and jaw conditions) and realignment parameters, with the
silent trials forming an implicit baseline. Each condition
(regressors of interest and baseline) included 18 functional
images. The blood-oxygen-level dependence (BOLD)
response for each event was modeled using a single-bin
finite impulse response (FIR) basis function spanning the

* 2309 «



¢ Grabski et al. ¢

time of acquisition (2.6 s). Before estimation, a high-pass
filtering with a cutoff period of 128 s was applied. Beta
weights associated with the modeled FIR responses were
then computed to fit the observed BOLD signal time course
in each voxel for each condition. Individual statistical maps
were calculated for each condition contrasted with the base-
line and subsequently used for group statistics. To draw
population-based inferences (Friston et al., 1999), a second-
level random effect group analysis was carried-out. A one-
way repeated measures analysis of variance (ANOVA) was
performed, with the “motor” condition as within-subject
factor with four levels (lips, tongue, jaw, vowel) while “sub-
jects” variable was considered as a random factor. Due to
the separation of the motor tasks into different runs, the
level measurements were defined as having unequal var-
iance. Covariance components were therefore estimated
using restricted maximum likelihood and used to adjust the
statistics and degrees of freedom during inferences.

Four t-contrasts were calculated to determine brain
regions specifically activated for each of the orofacial motor
tasks (versus baseline). To identify overlapping activation
for all motor conditions, a conjunction analysis (Friston
et al.,, 1999; Nichols et al., 2005) was subsequently con-
ducted. Finally, an F-contrast was calculated to determine
the main effect of the motor factor and to determine brain
regions showing significant variation of the MR signal
between the four motor tasks. All activations for the group
analysis are reported at a family-wise (FWE; Nichols and
Hayasaka, 2003) corrected level of P < 0.05 and a cluster
extent of at least 10 voxels (T > 5.91 for the t-contrasts and
F > 17.71 for the F-contrast). The activation peaks were first
determined in each cluster and then labeled according to
probabilistic cytoarchitectonic maps (Eickhoff et al., 2005) as
implemented in the SPM Anatomy toolbox. If a brain region
was assigned with a probability lower than 50% or if it was
not specified in the SPM Anatomy toolbox, the coordinates
of the activation peak was converted from MNI space to the
standard stereotactic space of Talairach and Tournoux
(1988) and the related brain region determined using the
Talairach Daemon software (Lancaster et al., 2000).

In addition, a second analysis was performed to
determine motor activations related to the three delays of
image acquisition and irrespective of the articulator (see
Supporting Information).

Individual sensorimotor somatotopy analysis

Individual ROI analyses were carried out to test for
somatotopic organization of motor activations in the pri-
mary motor and somatosensory cortices for each partici-
pant individually. Three specific cytoarchitectonic ROIs
related to the primary motor and somatosensory cortices
were first created using the SPM anatomy toolbox (Eickh-
off et al.,, 2005; see Fig. 4a). The first ROI was related to
the primary motor cortex (combined cytoarchitectonic
maps of areas 4a and 4p; see Gayer et al., 1996). Given the

anatomical locations of BA3 and BA1 (in the fundus of the
central sulcus and on the crown of the postcentral gyrus,
respectively; see Geyer et al., 1999), two distinct ROIs
related to the primary somatosensory cortex were created
(combined cytoarchitectonic maps of areas BA3a and
BA3b and cytoarchitectonic map of area BA1). ROI analyses
were then performed using the SPM Anatomy toolbox for
each participant and each task, with small volume correc-
tion applied on each ROI at a threshold of P = 0.0001 uncor-
rected. MNI coordinates of the maximum activation peak
and the centre of gravity (COG) within the primary motor
and somatosensory cortices, (areas BA4, BA3 and BA1) cor-
tex were determined for both hemispheres. Two subjects
were removed from these analyses because no activations
were observed in the three ROIs and in both hemispheres at
a threshold of P = 0.0001 uncorrected. For each ROI, two-
way repeated measures ANOVAs with the hemisphere (left,
right) and the articulator (lips, jaw, larynx, tongue) as
within-subjects factors were performed on x, y, and z MNI
coordinates of activation peaks (for x coordinates, absolute
values were used). For all analyses, the significance level
was set at P = 0.05 and Greenhouse-Geisser corrected when
appropriate. When required, post-hoc analyses were
conducted with Fisher’s protected LSD tests.

RESULTS
Basic Articulatory Network

Results from the group analysis showed regions that
were largely overlapping across the four motor conditions.
The conjunction analysis revealed a bilateral set of com-
mon brain areas classically involved in orofacial motor
control. Table I summarizes activations for each of the
four motor conditions (compared with baseline), as well as
activations provided by the conjunction analysis. Activa-
tion maps are illustrated in Figure 2.

The minimal network for supralaryngeal and laryngeal
movements (conjunction analysis; Table I and Fig. 2) con-
cerned, bilaterally, the activation of the central sulcus
extending rostrally onto the precentral gyrus and caudally
onto the postcentral gyrus. Two large bilateral clusters of
activations enclosed the superior portion of the ventral
premotor, motor, and somatosensory cortices. In addition,
two smaller bilateral clusters of activations of the precen-
tral gyrus were also observed in the dorsal premotor cor-
tex. Moreover, bilateral activations were found in the
supplementary motor area and the superior cerebellar
hemispheres (declive region of neocerebellum). Additional
frontal activation was observed at the border of the right
inferior frontal and middle frontal gyri. Left activations
were also observed around the ventral part of the postcen-
tral sulcus, extending rostrally onto the parietal opercu-
lum, as well as in the supramarginal gyrus, and in the
dorsal striatum of basal ganglia (putamen).
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lips

jaw

vowel

tongue

Figure 2.

Cerebral networks of lip, jaw, vocalic/laryngeal and tongue
movements, and conjunction map (random-effect group analysis,
t-contrasts, P < 0.05, FWE corrected, cluster extent threshold
of 10 voxels, T > 5.91). Significant activations are rendered on
cortical surfaces (left) and on axial slices covering the orofacial
motor cortex (right—z values refer to planes in MNI space).
The conjunction analysis revealed a bilateral set of largely over-
lapping brain areas classically involved in motor control: the sen-

Main Effect of Motor Tasks

The main effect of motor tasks (Table II and Fig. 3)
revealed significant activity differences in the ventral pre-
central and postcentral gyri (with two activation peaks
located in the ventrolateral primary motor and somatosen-
sory cortices) and in the bilateral primary auditory cortex
(the anterior and posterior parts of the transverse temporal
gyrus) bilaterally. All these regions showed stronger acti-

sorimotor and premotor cortices, bilaterally, the right inferior
frontal gyrus, the supplementary motor area, the left parietal
operculum and the adjacent inferior parietal lobule, the basal
ganglia and the cerebellum. Due to spatial overlapping, no clear
sensorimotor somatotopy of the four articulators was observed
at the group level. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

vation for vowel vocalization compared with the other
tasks. As previously mentioned, due to the separation of
the motor tasks into different runs, these results have to
be interpreted with caution. Nevertheless, our results are
quite coherent with those reported in a previous study
(Soros et al., 2006), with stronger activity observed in the
auditory cortex for the vowel condition compared with
orofacial movements.
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TABLE Il. Activation peak summary observed in the
main effect analysis (random-effect group analysis,
P <.05, FWE corrected, cluster extent threshold of
10 voxels, F > 17.71). Apart from the bilateral superior
temporal gyri for vowel production, the only significant
difference between the four motor tasks was observed
in the left ventro-lateral sensorimotor cortex, with
stronger activity for vowel vocalization than for the
other tasks

Main effect

Region H BA X y z F

Primary L 4 —60 -4 18 2644
motor cortex

Primary L 3 -52 -8 32 25.66
somatosensory cortex

Transverse L 41/42 -52 —-16 4 2455

temporal gyrus

R 41/42 44 22 4 2072

Individual Articulatory Somatotopy

As no clear sensorimotor somatotopy for the four
articulators emerged from the group analysis, individual
ROI analyses within the primary motor and somatosen-
sory cortices (areas 4a/p, 3a/b, 1; Geyer et al., 1996,
1999) were carried out to further test at the individual
level a sensorimotor somatotopic organization of supra-
laryngeal and laryngeal activations. To this aim, MNI
coordinates in the medio-lateral (x), caudo-rostral (y),
and dorso-ventral (z) dimensions of the maximum acti-
vation peaks within areas BA4, BA3, and BA1l were
determined in both hemispheres for each condition (see
Tables III and IV and Fig. 4).

For all sensorimotor ROIs, almost all analyses showed a
significant effect of the hemisphere, with a more medial,
posterior and dorsal position in the left hemisphere com-
pared with the right hemisphere. Regarding a somatotopic
organization, a more posterior position significantly
emerged in the caudo-rostral (y) dimension for lips com-
pared with tongue as well as a more dorsal position in the
dorso-ventral (z) dimension for lips compared with tongue
and vowel and for jaw compared with tongue.

Medio-Lateral (x) dimension

* BA4: Significant effects of the hemisphere and the artic-
ulator were observed [F(1,10) = 24.7; P < 0.001; F(3,30)
= 5.1; P < 0.006], with a more medial position in the
left than in the right hemisphere (45 vs. 50 mm) and a
more lateral position for lips and tongue compared
with vowel and jaw (48, 49, 46, 47 mm, respectively).
The interaction was not significant [F(3,30) = 2.1].

BA3: Significant effects of the hemisphere and the artic-
ulator were observed [F(1,10) = 20.1; P < 0.001; F(3,30)
= 8.7; P < 0.001], with a more medial position in the left

than in the right hemisphere (48 vs. 53 mm) and a more
lateral position for vowel and tongue compared with
lips and jaw (53, 53, 48, 48 mm, respectively). The inter-
action was not significant (F(3,30) = 0.6).

BA1: Significant effects of the hemisphere and the
articulator were observed [F(1,10) = 21.9; P < 0.001;
F(3,30) = 3.8; P < 0.02], with a more medial position
in the left than in the right hemisphere (53 vs. 57 mm)
and a more lateral position for tongue compared with
lips and jaw (58, 53, 54 mm, respectively). The interac-
tion was not significant [F(3,30) = 1.2].

Caudo-rostral (y) dimension

* BA4: Significant effects of the hemisphere and the artic-
ulator were observed [F(1,10) = 31.4; P < 0.001; F(3,30)
= 6.6; P < 0.001] with a more posterior position in the
left than in the right hemisphere (—12 vs. =7 mm) and a
more anterior position for tongue compared with lips,
jaw and vowel (=8, —10, —11, —10 mm, respectively).
The interaction was not significant [F(3,30) = 1.9].

BA3: Significant effects of the hemisphere and the artic-
ulator were observed [F(1,10) = 45.9; P < 0.001; F(3,30)
= 12.9; P < 0.001], with a more posterior position in the
left than in the right hemisphere (—13 vs. —8 mm) and a
more anterior position for vowel and tongue compared
with lips and jaw (—8, —8, —14, —12 mm, respectively).
The interaction was not significant [F(3,30) = 0.9].

BA1: Significant effects of the hemisphere and the
articulator were observed [F(1,10) = 19.4; P < 0.001;
F(3,30) = 4.7, P < 0.008], with a more posterior position
in the left than in the right hemisphere (—11 vs. —6 mm)
and a more anterior position for tongue and vowel
compared with lips (=8, —7, —12 mm, respectively).
The interaction was not significant [F(3,30) = 0.2].

Dorso-ventral (z) dimension

* BA4: A significant effect of the articulator was
observed [F(3,30) = 7.0; P < 0.001], with a more dorsal
position for lips, jaw, and vowel compared with
tongue (38, 36, 36, 34 mm, respectively) as well as a
more dorsal position for lips compared with vowel.
The interaction was not significant [F(3,30) = 1.2]. The
effect of the hemisphere [F(1,10) = 0.1] and the interac-
tion [F(3,30) = 0.8] were not significant.

BA3: Significant effects of the hemisphere and the
articulator were observed [F(1,10) = 5.3; P < 0.05; y:
F(3,30) = 11.1; P < 0.001], with a more dorsal position
in the left than in the right hemisphere (35 vs.31 mm)
and a more dorsal position for lips and jaw compared
with vowel and tongue (38, 35, 30, 31 mm, respec-
tively). The interaction was not significant [F(3,30) =
0.5].

BA1: Significant effects of the hemisphere and the ar-
ticulator were observed [F(1,10) = 10.2; P < 0.009; y:
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Figure 3.

Main effect of motor task (random-effect group analysis, F-con-
trast, P < 0.05, FWE corrected, cluster extent threshold of 10
voxels, F > 17.71): brain regions showing activity differences
between the four motor tasks (top) and contrast estimates
reflecting percentage BOLD signal change from baseline for the
observed activation peaks and the four motor tasks (bottom).

F(3,30) = 7.5; P < 0.001], with a more dorsal position
for lips compared with vowel and tongue (42, 35, 33
mm, respectively) as well as a more dorsal position
for jaw compared with tongue (35, 33 mm, respec-
tively). The interaction was not significant [F(3,30) =
1.1].

Compared with the other tasks, stronger activations were
observed in the left ventrolateral sensorimotor cortex and the
bilateral primary auditory cortex for vowel vocalization. SEM
are indicated in transparency. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION

Using sparse temporal acquisition, the goal of this fMRI
study was to clarify the neural networks underlying motor
control of simple supralaryngeal and laryngeal movements
and to refine the sensorimotor somatotopic organization of
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TABLE Ill. Mean y- and z-axis values of COGs and activation peaks in MNI coordinates observed in the ROI

analyses
Left hemisphere Right hemisphere
Sensorimotor Lips Jaw Vowel Tongue Lips Jaw Vowel Tongue
ROIs X y z X y z X y z y z X 'y z X Yy zZ X Yy z X Yy z
Activation Peak
BA 4a,p —46 —-12 37 -43 -14 36 —-43 -13 37 —-47 —-11 35 51 -8 39 48 -8 37 51 -6 35 51 -5 34
BA 3ab —46 —-16 38 —-46 —-15 36 -50 -10 31 -50 —-12 33 48 —-11 37 51 -9 33 55 -6 28 56 -5 28
BA'1 —-52 —-14 43 -52 —-12 41 -53 -11 39 -57 -9 38 54 —-10 41 57 -7 36 59 -5 31 60 —4 31
Mean —48 —-14 40 -47 -13 38 —-49 -11 36 -51 —-11 34 51 -10 39 52 -8 35 55 —6 32 55 -5 31
coordinates
Center of gravity (COG)
BA 4a,p —44 —-11 39 -43 -12 39 —-42 -12 39 —-45 -10 36 47 -8 38 47 -8 37 49 -7 36 49 -6 34
BA 3ab —45 —-16 39 —-47 -14 36 -50 —-10 31 —-49 —-11 33 48 -—-12 36 51 -9 33 55 —6 28 54 -7 28
BA'1 54 —-13 44 -54 -11 42 -55 -11 40 -57 -9 38 55 —11 41 58 -7 35 60 -6 31 60 -7 33
Mean —48 —-14 40 -48 -12 39 —-49 -11 37 -50 -10 36 50 —-10 38 52 -8 35 55 —6 32 54 -7 32
coordinates

lip, jaw, vocalic/laryngeal, and tongue motor representa-
tions. Three main findings were observed. First, orofacial
movements activated a set of largely overlapping, common
brain areas forming a core neural network involved in oro-
facial motor control. Second, apart from the auditory tem-
poral cortex for vowel production, differences between the
motor tasks were restricted to ventrolateral regions of the
primary motor and somatosensory cortices, with greater
signal intensity for vowel vocalization likely reflecting
more complex neuromuscular coordination and sensory
feedback processing. Finally, using individual ROI analy-
ses, a sequential dorso-ventral somatotopic organization of
lip, jaw, vocalic/laryngeal, and tongue movements was
observed in the primary motor and somatosensory
cortices.

Before discussing these results, it is important to high-
light an important limitation of this study. As previously
noted, although the vowel vocalization task was per-
formed to determine laryngeal motor activity, it also
requires muscle activity of the tongue and lips. In addi-
tion, jaw movements likely induce tongue movements as
well given the anatomical connection of the jaw and the
tongue. Hence, although this study confirms “an overall
picture of somatotopy with overlap” (Takai et al., 2010), a
mutual contribution of orofacial articulators during vowel
productions and jaw movements cannot be ruled out.

Basic Articulatory Network

The basic neural network for supralaryngeal movements
and vowel vocalization (see Table I and Fig. 2) revealed
strong bilateral activations within the sensorimotor cortex
(including the primary motor, ventral and dorsal premo-
tor, and somatosensory cortices), the supplementary motor

area and the superior cerebellar hemispheres. Activations
were also found in the right posterior inferior frontal
gyrus (pars opercularis), the left parietal operculum and
the adjacent inferior parietal lobule, and the left dorsal
striatum of basal ganglia. The observed basic neural net-
work for orofacial motor actions is fully consistent with
previous fMRI studies on orofacial motor control. Notably,
common neural activity for jaw and tongue movements
(Dhanjal et al., 2008) were observed in the medial and lat-
eral prefrontal cortex including the ventral lateral premo-
tor cortex, the frontal operculum ventral to the central
sulcus and the adjacent insular cortex, the primary motor
and somatosensory cortices, the supplementary motor area
and the cerebellum (lobule VI). Lotze et al. (2000a) have
previously reported these findings for simple tongue and
lip movements (although, surprisingly, without significant
activation observed in the supplementary motor area).
Focusing on orofacial coordinated actions, our results
also fit well with studies dealing with swallowing and
breathing (Loucks et al., 2007; Sawczuk and Mosier, 2001),
vocalization (Jiirgens 2002, 2009) and overt speech produc-
tion (Bohland and Guenther, 2006; Brown et al., 2005;
Guenther, Ghosh and Tourville 2006; Riecker et al., 2000,
2005, 2008; Soros et al., 2006). First, the neural control of
swallowing and breathing has been shown to partly rely
on an overlapping neural network, including bilateral acti-
vation of the primary sensorimotor cortices, the supple-
mentary motor area, the thalamus, the cerebellum, the
caudate nucleus, the globus pallidum, and the medulla
(Sawczuk and Mosier, 2001; see also McKay et al., 2003).
In line with our results, a number of speech production
studies have led to the suggestion of a “minimal network
for overt speech production” (Bohland and Guenther,
2006), including mesiofrontal structures (supplementary
motor area and anterior cingulate gyrus), bilateral pre-
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Figure 4.

Individual sensorimotor somatotopy (ROI analysis). (A) ROls related
to BA4a,p (red), BA3a,b (green), and BAI (yellow). (B) Mean y- and
z-axis values of activation peaks in MNI coordinates and their
projections for the four articulators. Regarding a somatotopic orga-
nization, a more posterior position emerged in the caudo-rostral (y)

and postcentral convolutions, extending rostrally into pos-
terior parts of the inferior frontal gyrus, the left anterior
insula as well as bilateral components of the basal ganglia
(notably the putamen and the globus pallidus), the cere-
bellum (notably the lobule VI, including the declive), the
thalamus and the superior temporal gyrus (Bohland and
Guenther, 2006; Brown et al., 2005; Guenther et al., 2006;
Riecker et al., 2008; Soros et al., 2006). Finally, Chang et al.
(2009) showed common activations during speech and
non-speech vocal tract gestures in the posterior inferior
frontal gyrus, the ventral premotor cortex, the supplemen-
tary motor area, the superior temporal gyrus, the insula,
the supramarginal gyrus, the cerebellum and the basal
ganglia, a result suggesting a more general role for these
regions than just speech production. Finally, this basic
neural network is also consistent with that observed dur-
ing wordless singing (for a review, Brown et al., 2005) and
whistling (Dresel et al., 2005), despite differences in the
amygdala, not reported for singing, and in the insula, not
reported for whistling.

As the basic neural network for supralaryngeal move-
ments and vowel vocalization comprises a similar set of
brain areas, our results refine the core neural network
involved in speech and non-speech orofacial motor con-
trol. This network encompasses the ventral sensorimotor

dimension for lips compared with tongue as well as a more dorsal
position in the dorso-ventral (z) dimension for lips compared with
tongue and vowel and for jaw compared with tongue. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

and ventral/dorsal premotor cortices, bilaterally, the right
posterior inferior frontal gyrus (pars opercularis), the sup-
plementary motor area, the left parietal operculum and the
adjacent inferior parietal lobule, the basal ganglia and the
cerebellum. Although specific functions in the motor-coor-
dinating neural network of these cortical and subcortical
brain regions remain largely discussed, they can be
broadly assigned to motor preparation, execution and reg-
ulation loops (for reviews, Jiirgens, 2002; Riecker et al.,
2008). Initiation and suppression of voluntary movements
is traditionally assigned to the supplementary motor area
(Pickard and Strick, 2001) while fine-grained motor control
of orofacial gestures is carried out by the primary motor
cortex and basal ganglia via the pyramidal and extrapyra-
midal pathways (Jiirgens, 2002; Riecker et al.; 2005; Wise
et al., 1999). The motor cortex receives motor plans from
the premotor cortex (Pickard and Strick, 2001), and the
adjacent posterior inferior frontal gyrus as well as proprio-
ceptive inputs from primary and associative somatosen-
sory areas and the inferior parietal cortex (Riecker et al.,
2005; Smith, 1998). Importantly, although some previous
studies on speech and lip, tongue and or jaw motor con-
trol failed to observe activation in the inferior frontal gyrus
and/or the inferior parietal cortex (Corfield et al.,1997;
Dhanjal et al.,, 2008; Lotze et al, 2000a; Murphy et al.,
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1997; Nota and Honda, 2004; Wise et al., 1999), the present
results and that of Chang et al. (2009) support these
regions as part of the core neural network involved in
orofacial motor control. Finally, the basal ganglia play an
important role not only in the selection but also in the reg-
ulation of motor commands via thalamo-motor projections
(Houk et al., 2007). In parallel, the cerebellum receives
motor and sensory information and is involved in fine
muscular coordination of the intended movement (Houk
et al., 2007; Thach, 1998).

Main Effect of Motor Tasks

In this study, the neural networks involved in simple
orofacial movements strongly overlap and share similar
cortical and subcortical brain areas. Apart from the bilat-
eral superior temporal gyri for vowel production, the only
significant difference between the four motor tasks was
observed in the left ventrolateral sensorimotor cortex, with
stronger activity for vowel vocalization than for the other
tasks (see Table II and Fig. 3).

Due to the separation of the supralaryngeal and
vocalic/laryngeal motor tasks into different runs, this
result has to be interpreted with caution. It is tempting to
hypothesize that these regions might be related specifically
to laryngeal movements during vowel production. In that
case, the closely located activation peaks observed in the
individual ROI analyses for vowel vocalization and tongue
movement (see below, section “articulatory somatotopy”),
slightly dorsal than the present activations, would likely
reflect the contribution of tongue muscles during vocaliza-
tion, rather than pure laryngeal activity. On the other
hand, these two activation peaks in the left ventrolateral
primary motor and somatosensory cortices were also
found to be activated during jaw and tongue movement
(see Fig. 2), albeit at a lower extent. Although tongue re-
traction movements also induce prominent sensory feed-
back, an alternative interpretation is that this stronger
sensorimotor activity would be due to more complex sen-
sorimotor interactions required for steady-state vowel
vocalization. To accurately reach and maintain the precise
target speech sound, the left ventrolateral primary motor
and somatosensory cortices would be strongly engaged in
online motor control and registration of orosensory and
auditory feedback (Guenther, 2006; Guenther and Bohland,
2006; Guenther and Vladusich, in press).

Articulatory Somatotopy

Due to significant activation overlap between the four
articulators, no clear sensorimotor somatotopy was
observed at the group level. To better take into account
possible individual anatomical and functional differences
across participants, individual ROI analyses on the bilat-
eral primary motor and somatosensory cortices were car-

ried out to evaluate individual somatotopic organization
of supralaryngeal and laryngeal articulators.

Overall, the observed coordinates for lip, jaw, tongue,
and vocalic/laryngeal representations in both hemispheres
and the three sensorimotor ROIs (averaged across partici-
pants) fit very well with those observed in previous fMRI
studies of simple articulatory gestures (see mean coordi-
nates in Tables III and IV). For all sensorimotor ROIs, a
more posterior position emerged in the caudo-rostral (y)
dimension for lips compared with tongue as well as a
more dorsal position in the dorso-ventral (z) dimension
for lips compared with tongue and vowel and for jaw
compared with tongue. The main finding from these ROI
analyses is therefore a dorso-ventral somatotopic organiza-
tion of lips, vowel, and tongue, respectively, with the sen-
sorimotor representations of lip movements occupying the
most dorso-caudal position and that of vocalic/laryngeal
and tongue movements the most ventrorostral positions,
the jaw position being dorsal to the tongue position. These
results appear consistent with the well-established more
dorsal position for the lip area than for the tongue area in
the human sensory and motor homunculi, as shown by
previous electrocortical stimulation and fMRI studies
(Hesselmann et al., 2004; Lotze et al., 2000a; Penfield and
Rasmussen, 1950; Pulvermiiller et al., 2006). In agreement
with earlier electrocortical mapping by Penfield and
Rasmussen (1950), we also observed the jaw area located a
little more ventral than the lip area and more dorsal than
the larynx and tongue areas (although no significant dif-
ferences were observed between lips and jaw positions
and the only significant differences between jaw and
vowel was observed in BA3). A previous fMRI study also
showed a little more medial and dorsal position in the
sensorimotor cortex for jaw (opening/closing movement)
compared with that for the tongue (vertical movement),
but unfortunately did not report precise activation peaks
separately for the two articulators (Dhanjal et al., 2008).
Finally, the motor location of the vocalic/laryngeal move-
ment was found to be located more dorsally than the
tongue position. Brown et al. (2008) reported similar acti-
vation peaks within the left motor cortex for both nonvocal
and vocal laryngeal movements (vocal-fold abduction and
vowel vocalization) and located between those observed
for lip and tongue movements. However, they report a
more dorsal position for the larynx area than for both
tongue and lip areas in the right hemisphere. We note
however that in their study the right lip and tongue
activation peak in the primary cortex are quite exactly the
same (see Tables III and IV), a result which does not
correspond to previous studies showing the lip motor area
above the tongue area in both hemispheres (Hesselmann
et al., 2004; Lotze et al., 2000a, see Tables III and IV).
Another study using both vowel vocalization and tongue
movement also observed a more dorsal position in both
hemispheres for the larynx area than for the tongue area
(Terumitsu et al., 2006), although another activation peak
was found in the left primary motor cortex more ventral
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than the tongue area. Altogether, the somatotopy of lip,
jaw, vocalic/laryngeal, and tongue movements displayed in
this study could be of importance for both better
specification of speech production models and their
brain correlates (Guenther et al., 2006) and for future brain-
imaging studies investigating speech motor control and dis-
orders as well as cortical reorganization following injury.
Finally, irrespective of the articulators, results also
showed a significant hemispheric asymmetry of sensori-
motor representations, with activation sites globally more
medial, posterior and dorsal in the left than in the right
hemisphere. A review of fMRI studies of simple lip,
tongue, and larynx movements show a similar hemi-
spheric sensorimotor asymmetry for all articulators, with a
more medial and posterior position of the activation site in
the left hemisphere (see mean coordinates in Tables III
and IV). This result might therefore suggest some anatomi-
cal and/or functional asymmetry of the primary sensori-
motor cortex (Sowman et al, 2009) irrespective of
participants” handedness or gender (Amunts et al., 2000).

CONCLUSION

At the group level, a core functional motor network con-
trolling laryngeal and supralaryngeal movements was
observed, including the sensorimotor and premotor corti-
ces, bilaterally, the right inferior frontal gyrus, the supple-
mentary motor area, the left parietal operculum and the
adjacent inferior parietal lobule, the basal ganglia, and the
cerebellum. Apart from the auditory temporal cortex for
vowel production, activity differences across motor tasks
were found in the left ventrolateral sensorimotor cortex
with greater signal intensity for vowel vocalization.
Finally, although no clear sensorimotor somatotopy of the
four articulators emerged at the group level due to large
spatial overlapping, a sequential dorso-ventral somatotopic
organization of lips, jaw, vocalic/laryngeal, and tongue
movements was observed using individual ROI analyses
within the primary sensory and motor cortices. The
observed core neural network of orofacial movements and
their sequential dorso-ventral somatotopic organization
may be of particular interest for future brain-imaging stud-
ies investigating speech motor control and disorders as
well as cortical reorganization following injury.
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