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Functional But Not Structural Networks of the Human
Laryngeal Motor Cortex Show Left Hemispheric
Lateralization during Syllable But Not Breathing Production
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The laryngeal motor cortex (LMC) is indispensible for the vocal motor control of speech and song production. Patients with bilateral
lesions in this region are unable to speak and sing, although their nonverbal vocalizations, such as laughter and cry, are preserved. Despite
the importance of the LMC in the control of voluntary voice production in humans, the literature describing its connections remains
sparse. We used diffusion tensor probabilistic tractography and functional magnetic resonance imaging-based functional connectivity
analysis to identify LMC networks controlling two tasks necessary for speech production: voluntary voice as repetition of two different
syllables and voluntary breathing as controlled inspiration and expiration. Peaks of activation during all tasks were found in the bilateral
ventral primary motor cortex in close proximity to each other. Functional networks of the LMC during voice production but not during
controlled breathing showed significant left-hemispheric lateralization ( p � 0.0005). However, structural networks of the LMC associ-
ated with both voluntary voice production and controlled breathing had bilateral hemispheric organization. Our findings indicate the
presence of a common bilateral structural network of the LMC, upon which different functional networks are built to control various
voluntary laryngeal tasks. Bilateral organization of functional LMC networks during controlled breathing supports its indispensible role
in all types of laryngeal behaviors. Significant left-hemispheric lateralization of functional networks during simple but highly learned
voice production suggests the readiness of the LMC network for production of a complex voluntary behavior, such as human speech.

Introduction
Voice plays an important role in human communication.
From its first onset at birth, the natural use of voice is for
survival: vocal expressions of hunger and pain have an alarm-
ing quality, evoking a desire to assist. These genetically deter-
mined vocal reactions are controlled by the lower brainstem
(Jürgens, 1995) and are present even in anencephalic infants,
who lack a forebrain but have an intact brainstem (Monnier
and Willi, 1953). Within the first years of life, infants begin to
use voice for their first words and learn utterances for speech
and song, which require the involvement of higher cortical
and subcortical structures. Voluntary initiations of innate vo-
cal patterns, such as laughter and cry, are controlled by the
anterior cingulate cortex, whereas learned vocal behaviors,
such as speech and song, are controlled by the laryngeal motor
cortex (LMC) (Jürgens, 2002).

The human cortical laryngeal representation has been identi-
fied in the ventral part of the primary motor cortex (Foester,

1936; Penfield and Rasmussen, 1950; Rödel et al., 2004; Loucks et
al., 2007; Brown et al., 2008). Neuroanatomically, the laryngeal
motor cortical pathway descends within the pyramidal tract, pro-
jecting bilaterally to the nucleus ambiguus of the brainstem
(Kuypers, 1958), the site of laryngeal motoneurons. Due to these
bilateral projections, electrical stimulation of the LMC in one
hemisphere produces movements of both vocal folds (Foester,
1936) and a unilateral cortical lesion in this region rarely affects
laryngeal functions (Marshall et al., 1988; Gandour et al., 1989).
In contrast, bilateral destruction of the LMC renders patients
unable to speak and sing, while their nonverbal vocalizations,
e.g., laughter and cry, remain preserved (Foix et al., 1926). This
suggests that the LMC is minimally involved in the control of
innate vocalizations, but is crucial for the control of learned vol-
untary vocal behaviors, such as speech and song.

In addition to precise control of vocal fold movements, all
types of vocalization require coordinated breathing control.
Controlled prolonged expiration is necessary to maintain ade-
quate subglottic air pressure to start and sustain voice produc-
tion, while increases of subglottic pressure are necessary for voice
intensity modulations. In humans, voluntary inspiration and ex-
piration are controlled by the dorsal primary motor cortex
(Foester, 1936; Colebatch et al., 1991; Ramsay et al., 1993), while
expiration is additionally controlled by the ventral motor cortex
(Ramsay et al., 1993), similar to the control of voice production
(Loucks et al., 2007). Thus, ventral motor cortex is responsible
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for the integrative control of breathing during voice production
for speech and song.

Despite the great importance of the LMC in the control of
laryngeal behaviors, little is known about its organization in hu-
mans. We investigated the functional and structural networks of
the LMC controlling two different voluntary laryngeal tasks, syl-
lable production and controlled breathing. We hypothesized that
although the structural LMC networks involved in the control of
production of both syllables and breathing will be similar, signif-
icant differences will be observed in their functional networks
due to the highly learned character of voluntary voice production
compared with breathing.

Materials and Methods
Subjects
The same 13 right-handed (Oldfield, 1971) native monolingual English-
speaking healthy volunteers (7 males/6 females, mean age 50.6 � 12.8
years) participated in the functional magnetic resonance imaging (fMRI)
and diffusion tensor imaging (DTI) studies. No participant had a history
of neurological, psychiatric, voice or respiratory problems. Video fiber-
optic nasolaryngoscopy was performed in all participants to confirm
normal anatomy and function of the upper airways and larynx. Univar-
iate analysis of the fMRI data from 3 subjects and measures of diffusivity
[e.g., fractional anisotropy and Trace ( D) values] from DTI data of 6
subjects included in the present study were reported in our previous
papers (Simonyan et al., 2007; Simonyan et al., 2008). Neither functional
nor structural network analyses were performed or reported in these
previous studies. All subjects provided written informed consent before
participation in the study, which was approved by the Institutional Re-
view Board of the National Institute of Neurological Disorders and
Stroke, National Institutes of Health.

Data acquisition
Scanning was performed on a 3.0 tesla whole-body scanner (GE Excite,
Milwaukee, WI) using a quadrature birdcage radio frequency head coil
for acquisition of functional images and an eight-channel receive-only
head coil for acquisition of diffusion-weighted images.

The fMRI study used a sparse-sampling event-related design to mini-
mize the motion-induced artifacts during task production and to neu-
tralize scanner noise interference with acoustic stimulus presentation.
Experimental tasks included (1) two repetition of the syllable /iʔi/, which
consisted of the vowel /i/ as in the word “beet” followed by a glottal stop
/ʔ/ and then the vowel /i/ again; (2) two repetition of the syllable /ihi/,
which consisted of the vowel /i/ followed by a glottal fricative /h/ and then
the vowel /i/ again; (3) controlled inspiration followed by controlled
expiration, and (4) silent fixation at a cross and arrow that appeared on

the screen in front of subjects’ eyes. The syllable
/iʔi/ with a glottal stop and the syllable /ihi/
with a glottal fricative were chosen to achieve
maximal vocal fold adduction and abduction,
respectively. These are both used during speech
production but are devoid of semantic meaning
when used as syllable production tasks. The sub-
jects were instructed to produce all tasks naturally
but not to overspread their lips during produc-
tion of the syllables to minimize orofacial move-
ments during the scanning session.

For syllable and breathing production, sub-
jects were asked first to listen attentively to the
auditory sample of a corresponding task deliv-
ered through the MR-compatible headphones
(Silent Scan Audio System, Avotec Inc., Stuart,
FL) for a 3.6 s period; a visual cue (arrow) then
instructed the subjects to reproduce two repe-
titions of the syllable /iʔi/ or /ihi/ as conditions
for voluntary voice production; a prolonged
inspiration followed by a prolonged expiration
through the mouth for controlled breathing, or
silent fixation, respectively, within a 5 s period.

No auditory stimuli were presented for the silent fixation task. Whole-
brain images were acquired during 2 s period immediately following
production of each condition (Fig. 1). Before scanning, all subjects were
trained for 15 min using the experimental task design and produced all
tasks accurately at the same repetition rate during the scanning sessions.
Six scanning runs were acquired with a total of 36 trials per task type. All
tasks were pseudo-randomized between sessions and subjects. Whole-
brain functional images were acquired with a gradient-weighted echo pla-
nar imaging (EPI) pulse sequence (TE � 30 ms; TR � 2 s per volume, 10.6 s
between volumes; FA � 90 degrees; FOV � 240 � 240 mm; matrix 64 � 64
mm; in-plane resolution 3.75 mm; 35 sagittal slices; slice thickness 4 mm
without gap) using blood oxygenation level-dependent (BOLD) contrast.

Whole-brain diffusion-weighted images were acquired using a
single-shot spin-echo EPI sequence with 54 contiguous axial slices of
2.4 mm thickness, TE/TR � 73.4/13,000 ms, FOV � 240 � 240 mm,
matrix � 256 � 256 mm, 0.9375 � 0.9375 mm 2 in-plane resolution,
and with an array spatial sensitivity encoding (ASSET) factor of 2.
Diffusion was measured along 33 noncollinear directions (b � 1000
s/mm 2); three reference images were acquired with no diffusion gra-
dients applied (b � 0).

A high-resolution T1-weighted image was collected for anatomical
reference using 3D inversion recovery prepared spoiled gradient-
recalled sequence (3D IR-Prep SPGR; TI � 450 ms; TE � 3.0 ms;
FA � 12 degrees; bandwidth � 31.25 mm; FOV � 240 � 240 mm;
matrix 256 � 256 mm; 128 contiguous axial slices; slice thickness 1.0
mm; slice spacing 1.0 mm).

Data analysis
Functional connectivity analysis. Functional imaging data were analyzed
using AFNI software (Cox, 1996). Preprocessing included motion cor-
rection, smoothing with a 4 mm Gaussian filter and scaling by mean
signal change at each voxel. The task-related responses were analyzed
using multiple linear regression with a single regressor for each task
convolved with a canonical hemodynamic response function, including
the motion parameter estimates as additional regressors of no interest.
The correction for multiple comparisons was made using Monte-Carlo
simulations (Forman et al., 1995) that resulted in a voxelwise threshold of
0.001 and a minimum cluster size of 506 mm 3 at a corrected p � 0.05. For
group analysis, the anatomical images of each subject were spatially nor-
malized to the standard Talairach–Tournoux space (Talairach and
Tournoux, 1988) using the colinN27 template and the automated pro-
cedure (@auto_tlrc program), after which the resulting normalization
was applied to the 4D time series datasets. To estimate the main effect of
each task, group analysis was performed using a two-way within-subject
mixed-effect design ANOVA with subject as the random factor and task
as the fixed factor ( p � 0.05, corrected).

Figure 1. Schematic illustration of the experimental design in a single subject. The subject fixated at the black cross and listened
to the acoustically presented sample task for a 3.6 s period. Acoustic samples were pseudorandomized and presented as syllables
/iʔi/, /ihi/, or single voluntary breathing. An arrow then cued the subject to produce the task within a 5 s period, which was
followed by a 2 s period of image acquisition. No stimulus was presented for the silent fixation condition, during which the subject
silently fixated at the cross and arrow.
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Functional connectivity networks (Horwitz, 2003) were assessed using
psychophysiological interaction (PPI) analysis (Friston et al., 1997; Kim
and Horwitz, 2008). A PPI refers to significant changes in the contribu-
tion of one brain region’s activity to that in another region due to changes
in the experimental or psychological context. As the first step in PPI
analysis, we identified the group peaks of activation during production of
each syllable and controlled breathing in the ventral motor cortex bilat-
erally (i.e., laryngeal motor cortex (Rödel et al., 2004; Loucks et al., 2007;
Brown et al., 2008)). The cytoarchitectonic locations of the peaks of
activation during each task were identified based on the maximum prob-
ability maps (Geyer et al., 1996; Eickhoff et al., 2005); the MNI Anatom-
ical coordinates (Eickhoff et al., 2005) of the peaks of activation are
provided in the Results. These peaks of activation were used as centers of
seed regions (sphere radius 4 mm) to extract time series during each task
production and during silent fixation in each subject. The obtained time
series were further multiplied by the task vector and regressed with the
time series from the entire brain in each subject. The results of regression
analyses during each task production versus silent fixation indicated the
changes in interaction of the seed region with the entire brain relative to
the examined conditions (e.g., voice production vs silent fixation or con-
trolled breathing vs silent fixation). A significant change in interaction
meant that the functional connectivity between the seed region and a given
voxel in the brain was significantly different when the subjects performed
one task compared with another (e.g., voice production vs silent fixation or
controlled breathing vs silent fixation). The subject-specific functional con-
nectivity maps for each task versus silent fixation were submitted to group
analyses using a two-sample t test ( p � 0.05, corrected).

Using the same PPI method, post hoc PPI analyses were performed to
contrast activation (1) during production of the syllable /iʔi/ versus syl-
lable /ihi/ to identify statistically significant differences in functional
network organization within one type of behavior, and (2) during
production of the syllable /iʔi/ versus controlled breathing to identify
statistically significant differences in functional connectivity between
the two types of laryngeal behavior ( p � 0.05, corrected).

Probabilistic diffusion tractography analysis. Diffusion tensor modeling
and probabilistic tractography were performed using the FMRIB’s FDT
Diffusion Toolbox implemented in the FSL software package (Behrens et
al., 2007). Diffusion-weighted images were corrected for eddy current
distortions and head motion using affine registration to a reference vol-
ume and an individual’s T1-weighted image. The diffusion tensor for
each voxel was calculated based on the eigenvectors (�1, �2, �3) and eig-
envalues (�1, �2, �3) using multivariate fitting and diagonalization. To
generate a probabilistic streamline and build up the connectivity distri-
bution, the distribution probabilities of each fiber direction were sam-
pled in each voxel. These calculated local diffusion directions allowed for
modeling of multiple fiber orientations in each voxel starting from the
seed voxel. To identify the connections of the LMC with the entire brain,
similar to neuroanatomical tract tracing experiments in non-human pri-
mates (Simonyan and Jürgens, 2002, 2005a), unconstrained probabilistic
tractography was performed in each subject using the same peaks of
activation and the same seed regions for voice and breathing production
as used in the PPI analyses. The probabilistic tractography parameters
were 5000 streamline samples, 2000 steps with 0.5 mm step length and
0.1-curvature threshold. All resulting probabilistic tractography maps
were averaged to create the group maps normalized to the standard space
using the colinN27 template and thresholded at a corrected p � 0.01.

Overlap between functional and structural networks. The corrected
group maps of functional and structural networks associated with vol-
untary voice production (syllable /iʔi/) and controlled breathing were
first converted into the binary maps, including both positive and negative
correlations of the functional networks. Conjunction analyses were then
performed to illustrate the regions of overlapping and distinct connec-
tivity patterns between the functional and structural networks during
each behavior, respectively.

Assessment of hemispheric laterality. To examine hemispheric lateral-
ization of functional activation and functional and structural laryngeal
motor cortical networks during voluntary voice production and con-
trolled breathing, whole-hemispheric regions of interest (ROIs) were
applied to each individual dataset to extract the number of significantly

activated voxels in each hemisphere during task performance and the
number of significantly connected voxels contributing to each functional
and structural network. Statistical significance of lateralization of func-
tional activation between the left and right hemispheres during each
behavior was assessed across all subjects using paired t tests at a corrected
p � 0.01; significance of lateralization of functional and structural net-
works between the left and right seeds associated with production of
syllables /iʔi/ and /ihi/ and controlled breathing, respectively, was deter-
mined using paired t tests at a corrected p � 0.01.

In addition to ROI analyses, we used a laterality index (LI) to examine
the lateralization of functional activation during voice and breathing
production as well as the lateralization of functional and structural net-
works associated with voluntary voice production and controlled breath-
ing from each hemisphere. The LI of functional activation during task
performance was defined as follows:

L1 �

(number of activated voxels in left hemisphere
� number of activated voxels in right hemisphere)

(number of activated voxels in left hemisphere
� number of activated voxels in right hemisphere)

The LI of functional and structural networks associated with voluntary
voice production and controlled breathing was calculated as follows:

L1 �

(number of connected voxels of
left seed in left hemisphere

� number of connected voxels of
right seed in right hemisphere)

(number of connected voxels of
left seed in left hemisphere

� number of connected voxels of
right seed in right hemisphere)

A positive LI was interpreted as left hemispheric lateralization and a
negative LI indicated right hemispheric lateralization of activation or
network (Seghier, 2008). Statistical significance of LI of functional acti-
vation was assessed using within-group one-sample t test at a corrected
p � 0.02; statistical significance of LI of functional and structural net-
works was determined using paired t tests at a corrected p � 0.01.

Results
Similar to the results of other studies (Loucks et al., 2007; Simonyan
et al., 2007; Olthoff et al., 2008), voluntary voice production and
controlled breathing elicited typical pattern of bilateral brain ac-
tivation along the Sylvian fissure, including the precentral (areas
4a, 4p, and 6) and postcentral (areas 3a, 3b, 1 and 2) gyri, parietal
operculum (OP 1– 4), insula, superior temporal (STG) and su-
pramarginal gyri, supplementary motor area (SMA), putamen,
thalamus, midbrain and cerebellum. Brain activation during
both tasks was largely symmetrical in both hemispheres (Fig.
2A–C) based on ROI analyses (t12 � �0.42, p � 0.34 for syllable
/iʔi/ production, t12 � 1.10, p � 0.29 for syllable /ihi/ production,
and t12 � �0.79, p � 0.22 for controlled breathing) (Fig. 2D)
with a mean LI of �0.003 (t12 � �0.35, p � 0.74) during syllable
/iʔi/ production, a mean LI of 0.02 (t12 � 0.52, p � 0.61)
during syllable /ihi/ production and a mean LI of �0.02 (t12 �
�0.85, p � 0.41) during controlled breathing (Fig. 2E). With
respect to functional localization of the LMC, the peaks of acti-
vation during both voluntary voice production and controlled
breathing were found in close proximity to each other in the
lower portion of the primary motor cortex. During voice pro-
duction, the peaks of activation in the left and right hemi-
spheres were localized in the area 4p (Geyer et al., 1996) (MNI
Anatomical coordinates of syllable /iʔi/: left x � �50, y �
�14, z � 40, right x � 51, y � �15, z � 41, and syllable /ihi/:
left x � �52, y � �13, z � 40, right x � 50, y � �14, z � 40).
During controlled breathing, the peak of activation in the left
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hemisphere was also found in the area 4p, whereas the peak of
activation in the right hemisphere was found in the area 4a
(Geyer et al., 1996) (MNI Anatomical coordinates: left x �
�52, y � �14, z � 40, right x � 58, y � �12, z � 42).

Functional networks of the laryngeal motor cortex
Positive functional connections of the left LMC during voluntary
voice production (i.e., both syllables /iʔi/ and /ihi/) as indexed by
PPI values were found with the bilateral ventrolateral and dorso-
lateral prefrontal cortex, posterior insula, parietal operculum,
STG, middle temporal (MTG), angular and supramarginal
gyri, the left inferior frontal gyrus (IFG) and ventral and dorsal
premotor cortex on the lateral brain convexity, with the bilat-
eral SMA proper and posterior cingulate cortex and the left
pre-SMA on the medial surface, and with the bilateral puta-
men, globus pallidus, caudate nucleus, thalamus, midbrain,
and cerebellum. Bilateral negative connections of the left LMC
were observed with the ventral and dorsal primary sensorimo-
tor cortex, anterior and middle cingulate cortex, and cerebel-
lar vermis (Figs. 3A, 4 A, 5A).

Functional connections of the right LMC during voluntary
voice production were comparable to connections of the left
LMC, but involved fewer brain regions. Compared with func-
tional connections of the left LMC, the right LMC network did
not involve the premotor cortex, IFG, operculum, pre-SMA,
SMA proper, and midbrain (Figs. 3A, 4A, 5C).

Hemispheric differences in functional connectivity origi-
nating from the left and right LMC seed regions during vol-

untary voice production were confirmed based on ROI
analysis and LI calculations of the total number of positively
and negatively functionally connected voxels in the ipsilateral
hemisphere from the left and right seeds, respectively. Func-
tional networks of the LMC during voluntary voice produc-
tion showed significant left-hemispheric lateralization on ROI
analysis (syllable /iʔi/: t12 � 5.86, p � 0.0005; syllable /ihi/:
t12 � 6.52, p � 0.0005) (Fig. 6 A, B) with a mean LI of �0.2
(t12 � 6.42, p � 0.0005) during syllable /iʔi/ production and a
mean LI of �0.3 (t12 � 7.78, p � 0.0005) during syllable /ihi/
production (Fig. 6G).

Positive functional connections of the left LMC during con-
trolled breathing were observed with the left ventral and dorsal
premotor cortex, IFG, ventrolateral prefrontal cortex, STG, with
the right insula and with bilateral dorsolateral prefrontal cortex,
SMA proper, posterior cingulate cortex, caudate nucleus, pu-
tamen, globus pallidus, thalamus, and cerebellum. Negative
functional connections were found with the bilateral ventral
sensorimotor cortex, anterior and middle cingulate cortex and
cerebellar vermis as well as with the right dorsal primary sen-
sorimotor cortex (Figs. 5B, 7 A).

Functional connections of the right LMC during controlled
breathing were similar to the left LMC network; however, the PPI
values were predominantly negative. The only positive connec-
tions of the right LMC during breathing were observed with the
right dorsolateral prefrontal cortex, posterior cingulate cortex,
and left putamen. Bilateral negative functional connections of the
right LMC were found with ventral and dorsal sensorimotor and

Figure 2. A–C, Group maps of functional activation during production of voluntary voice production as repetition of syllables /iʔi/ (A) and /ihi/ (B) and during voluntary breathing (C). Cortical
activation is presented on inflated cortical surfaces; subcortical and cerebellar activation is shown on the series of axial images of a single subject in the standard space ( p � 0.05, corrected). The
color scale bar represents t-values (14 degrees of freedom). D, Bar graphs depicting the total number of significantly activated voxels in each hemisphere during production of voice (combined
syllables /iʔi/ and /ihi/) and controlled breathing. Error bars represent SE. LH, Left hemisphere, RH, right hemisphere. E, Graphs depicting hemispheric LIs of functional activation during voluntary
voice production (combined syllables /iʔi/ and /ihi/) and controlled breathing in each subject based on the comparisons between the number of significantly activated voxels in the left and right
hemisphere during each task. LI � (number of activated voxels in left hemisphere � number of activated voxels in right hemisphere)/(number of activated voxels in left hemisphere � number of
activated voxels in right hemisphere). Values �0 indicate left-hemispheric lateralization; values �0 indicate right-hemispheric lateralization.
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premotor cortex, ventrolateral prefrontal cortex, IFG, angular
gyrus, anterior and middle cingulate cortex, thalamus and cere-
bellar vermis (Figs. 5D, 7A). No significant functional connec-
tions of the right LMC during voluntary breathing were found
with the bilateral STG, MTG, pre-SMA, and SMA proper. Func-

tional LMC networks during controlled breathing appeared bi-
laterally distributed without statistically significant hemispheric
lateralization as demonstrated by the ROI analysis (t12 � 1.78,
p � 0.10) (Fig. 6C) and a mean LI of �0.02 (t12 � �1.30, p �
0.22) (Fig. 6G).

Figure 3. Functional and structural networks of the laryngeal motor cortex associated with production of syllable /iʔi/. Functional connections (A) and probabilistic tractography (B) from both
left and right hemispheric seed regions (marked as black circle) are presented on the inflated cortical surfaces; subcortical and cerebellar connections are shown on the series of axial images of a single
subject in the standard space ( p � 0.05, corrected). For functional networks, color scale bar represents z-values, which reflect the strength of PPI connections, ranging from positive (red-yellow)
to negative (light blue-dark blue). For structural networks, color scale bar illustrates the probabilistic distribution of structural connections expressed as the number of subjects (from 1 to 13 subjects)
having a pathway pass through a given brain region.
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Post hoc PPI analysis of functional networks contrasting produc-
tions of the syllable /iʔi/ with the syllable /ihi/ found larger positive
connections of the left LMC with the left STG and inferior parietal
lobule (IPL) during production of the syllable /ihi/ (Fig. 8A).

Post hoc PPI analysis of functional networks of the left LMC
during production of the syllable /iʔi/ versus controlled breath-
ing revealed significantly larger positive connections of this re-

gion with the left IFG, anterior cingulate cortex, precuneus,
thalamus, caudate nucleus and bilateral cerebellum during vol-
untary voice production (Fig. 8B).

Structural networks of the laryngeal motor cortex
Structural connections of the LMC were assessed using probabi-
listic diffusion tensor tractography from the same bilateral seed

Figure 4. Functional and structural networks of the laryngeal motor cortex associated with production of syllable /ihi/. Functional connections (A) and probabilistic tractography (B) from both
left and right hemispheric seed regions (marked as black circle) are presented on the inflated cortical surfaces; subcortical and cerebellar connections are shown on the series of axial images of a single
subject in the standard space ( p � 0.05, corrected). For functional networks, color scale bar represents z-values, which reflect the strength of PPI connections, ranging from positive (red-yellow)
to negative (light blue-dark blue). For structural networks, color scale bar illustrates the probabilistic distribution of structural connections expressed as the number of subjects (from 1 to 13 subjects)
having a pathway pass through a given brain region.
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regions associated with the peaks of activation during syllable and
controlled breathing production used in the functional connectivity
analyses. Structural connections of both left and right LMC associ-
ated with voluntary voice production (i.e., both syllables /iʔi/ and
/ihi/) showed widely distributed cortical and subcortical networks,
involving unilateral ventral and dorsal premotor and primary sen-
sorimotor cortex, IFG, ventrolateral and dorsolateral prefrontal cor-
tex, insula, parietal operculum, STG, angular and supramarginal
gyri, SMA proper, middle and posterior cingulate cortex, putamen,
globus pallidus, thalamus and the midbrain (Figs. 3B, 4B, 5II). Con-
tralateral connections were observed with the primary motor and
premotor cortex, operculum, posterior cingulate cortex, middle
temporal and supramarginal gyri in a limited number of subjects.

Sparse structural connections of the LMC with the contralat-
eral hemisphere in a limited number of subjects most likely
represent a limitation of diffusion tensor tractography tech-
nique and, therefore, cannot be meaningfully quantified.
Structural networks of the LMC associated with voluntary voice
production did not show statistically significant between-
hemispheric ROI differences (syllable /iʔi/: t12 � 0.11, p � 0.92;
syllable /ihi/: t12 � 0.02, p � 0.98) (Fig. 6 B, E) with a mean LI
of �0.01 (t12 � �0.13, p � 0.90) associated with production
of the syllable /iʔi/ and a mean LI of �0.03 (t12 � �0.36, p �
0.73) associated with production of the syllable /ihi/ (Fig. 6H ).

Structural connections of the LMC from the peaks of bilateral
activation during controlled breathing were similar to the struc-

Figure 5. Block diagrams illustrating the organization of functional (I ) and structural (II ) networks originating from the left and right hemispheric seeds in the laryngeal motor cortex during
production of voluntary voice (combined syllables /iʔi/ and /ihi/) (A, C) and controlled breathing (B, D). I, Brain regions in rectangles indicate the regions showing differences in functional networks
between voice and breathing production. Regions included in the orange blocks depict positive connections of the laryngeal motor cortex, while the regions in the blue blocks indicate negative
connections of the laryngeal motor cortex. II, Color-coded blocks indicate the probability of a tract passage through a given brain region. The scale represents chance of probability (percentage) of
the tracts in the region and the number of subjects in whom those tracts were identified. dPreM, Dorsal premotor cortex; vPreM, ventral premotor cortex; vlPFC, ventrolateral prefrontal cortex; dlPFC,
dorsolateral prefrontal cortex; Ins, insula; pOp, posterior operculum; AG, angular gyrus; SMG, supramarginal gyrus; vS1/M1, ventral primary sensorimotor cortex; dS1/M1, dorsal primary sensori-
motor cortex; aCC, anterior cingulate cortex; mCC, middle cingulate cortex; pCC, posterior cingulate cortex; Put, putamen; Cd, caudate nucleus; Gp, globus pallidus; Thal, thalamus; Cbl, cerebellum.
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tural networks of this region associated with voluntary voice pro-
duction (Fig. 5 II , 7B). Similarly, no statistically significant
differences were found between the structural networks pro-
jected from the left or right LMC (t12 � 1.46, p � 0.17) (Fig. 6F)
with a mean LI of �0.06 (t12 � 1.09, p � 0.30) (Fig. 6H).

Overlap between functional and structural networks of the
laryngeal motor cortex
When comparing functional and structural connections of the
LMC, overlap between these two networks was observed in the
bilateral ventral and dorsal sensorimotor cortex, angular gyrus, basal
ganglia and thalamus, left ventral and dorsal premotor cortex, ven-
tral prefrontal cortex, IFG, anterior insula, parietal operculum, mid-
dle and posterior cingulate cortex, and posterior parietal lobule
during both voluntary voice and controlled breathing production
(Fig. 9). However, the overlap between functional and structural
networks in the right middle and posterior cingulate cortex was ob-
served only during voluntary voice production.

Discussion
We identified structural and functional LMC networks originat-
ing from the activation peaks in the primary motor cortex during

production of voluntary voice and controlled breathing in healthy
humans. Our major finding is the left-hemispheric lateralization of
functional networks during voice production but not breathing de-
spite the presence of largely symmetrical bilateral hemispheric acti-
vation during both behaviors and similarly distributed motor
cortical structural networks associated with these behaviors.

Although left-hemispheric lateralization of brain activation
during speech production has been known since the time of
Broca, bilateral hemispheric involvement has been consistently
reported for less complex laryngeal behaviors, e.g., production of
voice, coughing, sniffing, voluntary breathing (Ramsay et al., 1993;
McKay et al., 2003; Loucks et al., 2007; Simonyan et al., 2007). We
chose productions of controlled breathing and syllables with mini-
mal linguistic meaning as simple voluntary laryngeal motor behav-
iors, coordination of which is necessary for speaking and singing.
Both voluntary voice production and controlled breathing have sim-
ilar cortical top-down central control of the laryngeal movements
(Loucks et al., 2007; Simonyan et al., 2007). Nonetheless, syllable
production, a highly learned task compared with breathing, ap-
peared to be powerful enough to engage brain networks controlling
more complex behavior, such as speech production.

Figure 6. Bar graphs depicting the total number of voxels functionally (A–C) and structurally (D–F ) connected with the left and right laryngeal motor cortex during voluntary voice production
and voluntary breathing. Significant left-right seed-specific hemispheric differences (marked with an asterisk) were found for functional connections of the left laryngeal motor cortex during both
types of syllable production, but not during voluntary breathing. Error bars represent SE. G, H , Graphs depicting hemispheric LIs of functional (G) and structural (H ) networks during voluntary voice
production (i.e., syllables /iʔi/ and /ihi/) and controlled breathing for each subject based on the comparisons between the number of voxels functionally and structurally connected with the left and
right seed regions of the laryngeal motor cortex. LI � (number of connected voxels of left seed in left hemisphere � number of connected voxels of right seed in right hemisphere)/(number of
connected voxels of left seed in left hemisphere � number of connected voxels of right seed in right hemisphere). Values �0 indicate left-hemispheric lateralization; values �0 indicate
right-hemispheric lateralization.
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Organization of functional networks for different
laryngeal behaviors
Compared with bilaterally distributed LMC networks during con-
trolled breathing, left-hemispheric lateralization of functional net-
work during voluntary voice production was due to its predominant
connections with the left IFG, STG/MTG, and SMA.

The IFG activation is most commonly associated with the
production of long sequences of syllables or words (Petersen et
al., 1988; Hirano et al., 1996; Horwitz et al., 2003; Ozdemir et al.,
2006). No IFG activation was observed during production of
either behavior in the present study; however, we found func-
tional coupling between the LMC and IFG during both syllable

Figure 7. Functional and structural networks of the laryngeal motor cortex associated with voluntary breathing. Functional connections and probabilistic tractography from both left and right
hemispheric seed regions (marked as black circle) are presented on the inflated cortical surfaces; subcortical and cerebellar connections are shown on the series of axial images of a single subject in
the standard space ( p � 0.05, corrected). For functional networks, color scale bar represents z-values, which reflect the strength of PPI correlations, ranging from positive (red-yellow) to negative
(light blue-dark blue). For structural networks, color scale bar illustrates probabilistic distribution of structural connections (e.g., the chance of probability of a pathway passing through a given brain
region) ranging from 1 to 13 subjects.
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and breathing production. Our finding supports the observation
of LMC-evoked activity during IFG electrical stimulation
(Greenlee et al., 2004), suggesting that central processing of any
component of speech production requires functional link be-
tween these two regions for speech motor preparation. However,
functional connectivity with the left IFG was significantly en-
hanced during voice production compared with breathing,
which speaks to the key role of IFG in the construction of com-
plex functional LMC networks for control of learned (syllable
production) versus innate (breathing) laryngeal behaviors.

The SMA is active during speaking, singing, simple vocaliza-
tion and other voluntary laryngeal tasks (Petersen et al., 1988;
Perry et al., 1999; Loucks et al., 2007; Simonyan et al., 2007;
Ghosh et al., 2008). We found positive functional connections
with the SMA only from the left LMC during both behaviors with
a larger extent of connections with the pre-SMA during voluntary
voice production. While both SMA subregions are involved in
the temporal representation of motor sequences, the pre-SMA
has been related to processing of higher order motor plans for
subsequently ordered movement execution (Matsuzaka et al.,
1992; Tanji and Shima, 1994; Shima and Tanji, 1998). This may
explain the stronger functional connectivity of the LMC with

pre-SMA during learned vocalization as a component of prepa-
ration to speech production.

The STG/MTG involvement is prominent in auditory feed-
back control during voice production. Pitch modulations of
voice feedback produce rapid adjustments in voice production to
adapt to altered feedback (Houde and Jordan, 1998; Burnett and
Larson, 2002; Tourville et al., 2008). Neuroimaging studies have
shown that STG/MTG is more active during meaningful speech
(Petersen et al., 1988; Schlosser et al., 1998; Bookheimer et al.,
2000) and nonverbal vocalizations (e.g., laughter, cry) (Sander
and Scheich, 2005; Sander et al., 2007) than during artificial
sound perception (Binder et al., 2000). We found left-lateralized
functional LMC connections during voluntary voice production
with all components of the dual-stream model for speech percep-
tion (Hickok and Poeppel, 2007), suggesting that functional
LMC networks controlling voluntary voice production even with
minimal linguistic components have intrinsic organization for
both speech perception and production.

LMC networks for voice and breathing production differed in
the sign of functional connections with other brain regions. The
majority of brain regions constituting functional networks of
controlled breathing were negatively correlated with the LMC,

Figure 8. Post hoc PPI analyses of the contrasted activation during syllable /iʔi/ and syllable /ihi/ productions (A) and voluntary voice production (i.e., syllable /iʔi/) (B) and controlled breathing
productions. Significant differences in functional networks of the laryngeal motor cortex between the tasks are shown on the series of sagittal and axial images of a single subject in the standard
space ( p � 0.05, corrected). Scale bars represent positive (red-yellow) and negative (light blue-dark blue) PPI values (z-score). ACC, Anterior cingulate cortex.

Figure 9. Group common and distinct functional and structural networks of the laryngeal motor cortex during voluntary voice production (i.e., syllable /iʔi/ production) and voluntary breathing.
Functional connections ( F) during each task are shown in yellow; structural connections ( S) underlying each task are shown in white; overlap between the functional and structural
connections (F � S) is shown in red ( p � 0.05, corrected).
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suggesting overall less involvement of LMC networks in control
of breathing. During voluntary voice production, negative func-
tional connections of the LMC with orofacial and truncal senso-
rimotor cortex could be explained by the fact that the subjects
produced the syllables with minimal orofacial movements and
similar breathing depth, whereas negative LMC connections with
the cingulate cortex may be explained by the absence of emo-
tional expressions during syllable production. However, positive
connection of the LMC with the anterior cingulate cortex when
contrasting two laryngeal behaviors suggests that although sim-
ple non-emotional voice production may not require an involve-
ment of this region, the existence of this connection may be
crucial in emotional speech production.

Organization of functional networks for different types of
syllable production
Functional networks during both syllables /iʔi/ and /ihi/ produc-
tion showed significant left-hemispheric lateralization with the
only difference being larger positive connections of the left LMC
with the left STG and IPL during syllable /ihi/ production.

From a motor production viewpoint, production of the glottal
fricative /h/ in the syllable /ihi/ requires additional precision of
vocal fold movements for their active opening to support contin-
ued air turbulence between the vocal folds, whereas production
of the glottal stop in the syllable /iʔi/ only requires vocal folds
hyperadduction to offset phonation. Larger connectivity of the
LMC with the left STG, including Heschl’s gyrus, may be associ-
ated with the preferential role of the left auditory cortex in the
more complex spatiotemporal processing of rapid frequency
modulations of consonant-vowel transition in the syllable /ihi/
(Price, 2000; Wise et al., 2001; Scott and Wise, 2004; Tourville et
al., 2008). The greater involvement of IPL during syllable /ihi/
production may be responsible for more complex integration of
sensory and motor information and temporal dynamics. As the
left IPL represents a relay station between Wernicke’s and Broca’s
areas (Catani et al., 2005), it may play a role in mapping of the
acoustic-phonetic cues into lexical representations and the
articulatory-gestural representation of a sample auditory stimulus
for syllable production (Bohland and Guenther, 2006; Guenther et
al., 2006; Jardri et al., 2007; McNamara et al., 2008). Our findings
suggest that the LMC connection with STG and IPL gradually in-
creases with the increased complexity of sound perception and
production.

A limitation of the current study design should be acknowl-
edged. While testing different laryngeal behaviors within our
original experimental design limited us in time from extensive
testing of different types of the same behavior (e.g., production of
vowels /i/ vs /u/ vs /o/, etc.), close examination of the brain net-
works during different vowel production would be of a great
advantage. The results of these future studies would potentially
provide much needed information about subtle but important
differences in the functional brain network organization control-
ling different components of voluntary voice production, which
would ultimately lead to a much clearer insight into the organi-
zation and evolution of human speech production system.

Organization of structural networks for different
laryngeal behaviors
The structural LMC connections appeared to have a similar or-
ganization with no seed-specific network lateralization during
voice and breathing production. This finding supports previous
data from lesion studies (Foix et al., 1926; Marshall et al., 1988;
Gandour et al., 1989), which demonstrated that only bilateral

LMC lesions in humans result in elimination of voluntary learned
vocal behaviors. We suggest that bilaterally descending input
from the LMC to brainstem laryngeal motoneurons along with
the ability of functional networks to reorganize following cortical
insult may play an important role in preservation of speech dur-
ing single-hemispheric LMC damage.

The structural LMC networks also showed similarity with the
LMC connections in non-human primates (Jürgens, 1976; Simonyan
and Jürgens, 2002, 2003, 2005a,b). The main difference between
the organization of these networks was the cytoarchitectonic lo-
cation of activation peaks during voice and breathing production
in the primary motor cortex (area 4) (Geyer et al., 1996) in hu-
mans compared with the laryngeal muscles representation in
the premotor cortex (area 6) in non-human primates (Hast
and Milojevic, 1966; Hast, 1967; Hast et al., 1974). This differ-
ence in LMC location may be due to an evolutionary shift
underlying the ability to control voice voluntarily for speech
and song production in humans as oppose to very limited
voluntary control over vocalizations in non-human primates.

Summary
Our findings suggest the presence of a common structural LMC
network regardless of task production, upon which different
functional networks are built to control various voluntary laryn-
geal behaviors. Bilateral organization of functional LMC net-
works during voluntary breathing supports its essential role in
many motor activities, including all laryngeal tasks, e.g., speech,
coughing, sniffing, and some nonlaryngeal tasks, e.g., jumping,
swimming, weight lifting. Left-hemispheric lateralization of the
functional networks during voluntary voice production suggests
the readiness of the LMC network for a complex voluntary be-
havior, such as human speech. Future research should focus on
characterization of the network subcomponents (e.g., specific
corticocortical and corticosubcortical connections) within and
between different laryngeal behaviors in healthy subjects and pa-
tients with central nervous and peripheral laryngeal damage.
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