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Human brain activation during phonation and exhalation:
Common volitional control for two upper airway functions
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Phonation is defined as a laryngeal motor behavior used for speech
production, which involves a highly specialized coordination of
laryngeal and respiratory neuromuscular control. During speech, brief
periods of vocal fold vibration for vowels are interspersed by voiced and
unvoiced consonants, glottal stops and glottal fricatives (/h/). It remains
unknown whether laryngeal/respiratory coordination of phonation for
speech relies on separate neural systems from respiratory control or
whether a common system controls both behaviors. To identify the
central control system for human phonation, we used event-related
fMRI to contrast brain activity during phonation with activity during
prolonged exhalation in healthy adults. Both whole-brain analyses and
region of interest comparisons were conducted. Production of syllables
containing glottal stops and vowels was accompanied by activity in left
sensorimotor, bilateral temporoparietal and medial motor areas.
Prolonged exhalation similarly involved activity in left sensorimotor
and temporoparietal areas but not medial motor areas. Significant
differences between phonation and exhalation were found primarily in
the bilateral auditory cortices with whole-brain analysis. The ROI
analysis similarly indicated task differences in the auditory cortex with
differences also detected in the inferolateral motor cortex and dentate
nucleus of the cerebellum. A second experiment confirmed that activity
in the auditory cortex only occurred during phonation for speech and
did not depend upon sound production. Overall, a similar central neural
system was identified for both speech phonation and voluntary
exhalation that primarily differed in auditory monitoring.
© 2007 Elsevier Inc. All rights reserved.
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Phonation for human speech is a highly specialized manner of
laryngeal sensorimotor control that extends beyond generating the
sound source of speech vowels and semi-vowels (e.g. /y/ and /r/).
Laryngeal gestures for voice onset and offset distinguish voiced and
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unvoiced consonant pairs through precise timing of voice onset
(Raphael et al., 2006). Brief interruptions in phonation by glottal
stops ( ) mark word and syllable boundaries through hyper-
adduction of the vocal folds to offset phonation. Each of these vocal
fold gestures, in addition to rapid pitch changes for intonation,
requires precisely controlled variations in intrinsic laryngeal activity
(Poletto et al., 2004). To understand the neural control of phonation
for speech, laryngeal control must be investigated independent of the
oral articulators (lips, tongue, jaw). Several neuroimaging studies of
phonation for speech included oral articulatory movements with
phonation, which can limit the examination of laryngeal control
independently from oral articulatory function (Huang et al., 2001;
Schulz et al., 2005). We expect that the neural control over repetitive
laryngeal gestures for speech phonation will show a greater
hemodynamic response (HDR) response in the left relative to right
inferolateral sensorimotor areas (Wildgruber et al., 1996; Riecker et
al., 2000; Jeffries et al., 2003). On the other hand, the neural control
for vocalizations that are not specific to speech, such as whimper or
prolonged vocalization, will show a more bilateral distribution
(Perry et al., 1999; Ozdemir et al., 2006).

Phonation for speech also involves volitional control of
respiration as subglottal pressure throughout exhalation must be
controlled to initiate and maintain vocal fold vibration (Davis et al.,
1996; Finnegan et al., 2000). To better understand the central
neural control of laryngeal gestures for speech, the contribution of
volitional control over respiration must also be examined. Previous
neuroimaging findings of volitional respiratory control, however,
have been inconsistent. In one positron emission tomography
(PET) study (Ramsay et al., 1993), brain activity for volitional
exhalation involved similar cortical and subcortical regions as
those reported for voiced speech (Riecker et al., 2000; Turkeltaub
et al., 2002; Bohland and Guenther, 2006). During exhalation,
activity increased in the left inferolateral frontal gyrus (IFG) where
the laryngeal motor cortex is thought to be located (Ramsay et al.,
1993). On the other hand, functional MRI (fMRI) studies of
volitional exhalation found increases in more dorsolateral sensor-
imotor regions, potentially corresponding to diaphragm and chest
wall control, but not in the laryngeal motor regions (Evans et al.,
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1999; McKay et al., 2003). The neural correlates for voluntary
exhalation need to be distinguished to understand the neural
control of phonation for speech.

The two aims of the current study were to identify the central
organization of phonation for speech and to contrast phonation for
speech with volitional exhalation using event-related fMRI. We
hypothesized that brain activity for glottal stops plus vowels
produced as syllables involves a left predominant sensorimotor
system as suggested by the results of Riecker et al. (2000) and
Jeffries et al. (2003) for simple speech tasks. We also expected that
this left predominant system for laryngeal syllable production would
differ from upper airway control for prolonged exhalation, which
may involve a more bilateral and more dorsolateral sensorimotor
system.

Phonation and exhalation differ in auditory feedback because
phonation produces an overt sound heard by the speaker while
exhalation is quiet. To test whether auditory feedback affects the
HDR during phonation for speech, we manipulated auditory
feedback during phonation and whimper (a non-speech task with
similar levels of auditory feedback). If no differences were found
between phonation for speech and whimper then it would be the
auditory feedback which could explain a greater auditory response
during phonation than during exhalation. On the other hand, if
there were greater responses in the auditory area during phonation
when compared to whimper, it might be because the participants
attend to a greater degree to their own voice during a phonatory
task and than during the non-speech task of whimper. Once
masking noise was applied we expected that phonation and
whimper should not differ in their auditory responses because the
participants could not hear their own productions. Therefore, we
predicted that there would be differences in responses in auditory
areas between the phonated and whimper productions in the
normal feedback condition but not during the masked condition.

Materials and methods

Experiment 1: identifying and contrasting of the neural control of
phonation for speech and voluntary exhalation using event-related
fMRI

Subjects
Twelve adults between 23 and 69 years participated in the study

(mean—35 years, s.d.—12 years, 7 females). All were right-
handed, native English speakers. None had a history of
neurological, respiratory, speech, hearing or voice disorders. Each
had normal laryngeal structure and function on laryngeal
nasoendoscopy by a board certified otolaryngologist. All provided
written informed consent before participating in the study, which
was approved by the Internal Review Board of the National
Institute of Neurological Disorders and Stroke.

Phonatory and respiration tasks
The two phonation tasks involved: (1) repetitions of the syllable

beginning with a glottal stop requiring vocal fold hyper-adduction
and followed by a vowel requiring precise partial opening of the

vocal folds to allow vibration /i/ (similar to the “ee” in “see). This
syllable was produced reiteratively ( ) at a rate similar to
normal speech production (between 3 and 5 repetitions per
second); and (2) the onset and offset of vocal fold vibration for
the same vowel /i/ which was prolonged for up to 4.5 s. The
phonation tasks were chosen to minimize the linguistic and oral
requirements of the task and focus on voice onset and offset using
laryngeal gestures involved in speech, i.e., glottal stops and
vowels.

The exhalation task involved voluntarily prolonged oral
exhalation produced in quiet after a rapid inhalation. The subjects
were trained to prolong the exhalation for the same duration as the
phonatory tasks but to maintain quiet exhalation not producing a
sigh or a whisper. The exhalation productions were monitored
throughout the study to assure that participants did not produce a
sigh or whisper. A quiet rest condition was used as the control
condition.

On each phonation or exhalation trial, the subject first heard an
auditory example of the target for 1.5 s presented at a comfortable
loudness level through MRI compatible headphones (Avotec,
Stuart, FL, USA). The exhalation example was amplified to the
same intensity as the phonation example to serve as a clearly
audible task cue, although subjects were trained to produce quiet
exhalation. The acoustic presentation was followed at 3.0 s by the
onset of a visual cue (green arrow) to produce the target. The
subjects were trained to begin phonating or exhaling after the
arrow onset and to stop immediately following offset of the arrow
4.5 s later or 7.5 s into the trial. A single whole-brain volumetric
scan was then acquired over the next 3 s (0.3 s silent period +2.7 s
TR) resulting in a total trial duration of 10.5 s (Fig. 1). The subjects
were not provided with any instructions for the quiet rest condition,
except that on certain trials there would not be an acoustic cue,
although the visual arrow was presented. A fixation cue in the form
of a cross was presented throughout the experiment except when
the arrow was shown. Phonation was recorded through a tubing-
microphone system, placed on the subject’s chest approximately 6
in. from the mouth (Avotec, Stuart, FL, USA). An MRI compatible
bellows system placed around the subject’s abdomen recorded
changes in respiration.

Each experiment consisted of 45 repetitive syllable trials, 45
continuous phonation trials, 90 exhalation trials and 120 rest trials
distributed evenly over 5 functional scanning runs giving 60 trials
per run. Two initial scans at the beginning of each run, to reach
homogenous magnetization, were not included in the analyses. The
stimuli were randomized so each subject received a different task
order. Prior to the fMRI scanning session, each subject was trained
to produce continuous and repeated syllable phonations and
prolonged exhalation for 4.5 s.

Functional image acquisition
To minimize head movements during syllable that could

produce artifacts in the blood oxygenation level dependent
(BOLD) signal, a vacuum pillow cradled the subject’s head.
Additionally, an elastic headband placed over the forehead
provided tactile feedback and a slight resistance to shifts in head
position. A sparse sampling approach was used; the scanner
gradients were turned off during stimulus presentation and
production so the task could be performed with minimal
background noise (Birn et al., 1999; Hall et al., 1999). A single
echo-planar imaging volume (EPI) of the whole brain was acquired
starting 4.8 s after the onset of the production phase with the
following parameters: TR—2.7 s, TE—30 ms, flip angle—90°,
FOV—240 mm, 23 sagittal slices, slice thickness—6 mm (no gap).
Because the subjects took between 0.5 and 1.0 s to initiate the task
following the visual cue, the acquisition from 4.0 to 6.7 s occurred
during the predicted peak of the HDR for speech based on previous
studies (Birn et al., 1999, 2004; Huang et al., 2001; Langers et al.,



Fig. 1. A schematic representation of the event-related, clustered-volume design. The subject heard an auditory model of exhalation task or phonation followed
by a visual cue to repeat the model. A single whole-brain echo-planar volume was acquired following the removal of the visual cue.
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2005). The HDR could possibly have also been affected by the
auditory example stimulus because scanning began 5.8 s after
auditory example offset (Birn et al., 2004; Langers et al., 2005),
but this would have affected all phonatory and exhalation trials to
the same degree as the auditory examples were all presented at the
same sound intensity level. The possible effect of the auditory
stimulus was addressed later in experiment 2.

A high-resolution T1-weighted MPRAGE scan for anatomical
localization was collected after the experiment: TE—3.0 ms, TI—
450 ms, flip angle—12°, BW—31.25 mm, FOV—240 mm, slices—
128, slice thickness—1.1 mm (no spacing).
Functional image analysis
All image processing and analyses were conducted with Analysis

of Functional Neuroimages (AFNI) software (Cox, 1996). The
initial image processing involved a motion correction algorithm for
three translation and three rotation parameters that registered each
functional volume from the five functional runs to the fourth volume
of the first functional run. The motion estimate of the algorithm
indicated that most subjects only moved their head slightly during
the experiment, typically ≈1 mm. If movement exceeded 1 mm,
then the movement parameters were modeled as separate coeffi-
cients for head movement and included in the multiple regression
analysis as noted below (only conducted for two subjects).

The HDR signal time course of each voxel from each run (60
volumes) was normalized to percent change by dividing the HDR
amplitude at each time point by the mean amplitude of all the trials
from the same run and multiplying by 100. Each functional image
was then spatially blurred with an 8 mm FWHM Gaussian filter
followed by a concatenation of the five functional runs into a single
time course. The amplitude coefficients for the phonation and
exhalation factors for each subject were estimated using multiple
linear regression. The statistical maps and anatomic volume were
transformed into the Talairach and Tournoux coordinate system
using a 12-point affine transformation.

The first group comparison was a conjunction analysis to
determine whether the syllable repetition and extended vowel
phonation conditions differed or whether the conditions could be
combined for further analyses. A second related comparison was a
voxel-wise paired t-test between the amplitude coefficients (%
change) for the repetitive syllable and continuous phonation to
assess task differences parametrically. If the tasks did not differ
than they would be combined to compare with the exhalation task.
To correct for multiple voxel-wise comparisons, a cluster-size
thresholding approach was used to determine the spatial cluster
size that would be expected by chance. The AlphaSim module
within AFNI provided a probabilistic distribution of voxel-wise
cluster sizes under the null hypothesis based on 1000 Monte Carlo
simulations. The AlphaSim output indicated that clusters smaller
than 6 contiguous voxels in the original coordinates (equivalent
volume=506 mm3) should be rejected at a corrected voxel-wise p
value of α≤0.01.

Avoxel-wise, paired t-test was then used to compare whether the
combined means of the repeated syllable and prolonged vowel trials
differed significantly from zero. The same cluster threshold of 6
contiguous voxels at the corrected alpha level (p≤0.01) described
previously was used as the statistical threshold. The amplitude
coefficient maps (% change) for the two combined phonatory tasks
and the exhalation task were then compared directly using a voxel-
wise paired t-test at the same threshold of p<0.01 for 6 contiguous
voxels. The resultant statistics from each test were normalized to Z
scores. A conjunction analysis was then used to assess overlapping
and distinct responses in the different task conditions.
Region of interest (ROI) analyses
An ROI analysis compared brain responses to the combined

repetition and vowel prolongation tasks versus prolonged exhala-
tion in anatomical regions previously related to voice and speech
production in the literature (Riecker et al., 2000; Jurgens, 2002;
Turkeltaub et al., 2002; Schulz et al., 2005; Bohland and Guenther,
2006; Tremblay and Gracco, 2006). The ROIs were obtained from
the neuroanatomical atlas plug-in available with the Medical
Imaging Processing, Analysis and Visualization (MIPAV) software
(Computer and Information Technology, National Institutes of
Health, Bethesda, MD). The ROIs in Talairach and Tournoux
space were developed by the Laboratory of Medical Image
Computing (John Hopkins University, Baltimore, MD). MIPAV
was used to register each pre-defined ROI to the normalized
anatomical scan of the individual subjects. When certain ROIs
encompassed skull/meningeal tissue or white matter in different
subjects due to individual variations in brain anatomy, slight
manual adjustments were applied to position the ROI within
adjacent gray matter, but no changes in the shape or volume of the
ROIs occurred. Individual ROI templates were converted to a
binary mask dataset using MIPAVand segmented into right and left
sides. To restrict the subsequent ROI analyses of percent volume
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and signal change to the anatomically defined ROIs, the mask
datasets of the ROIs from each subject were applied to their own
functional volumes from the phonation and exhalation results
(without spatial blurring).

Certain ROIs were segmented or combined to form or
distinguish regions. Only the lateral portion of the Brodmann area
(BA) 6 ROI was used to test for activation in the precentral gyrus,
an area thought to encompass the laryngeal motor cortex based on
subhuman primate studies (Simonyan and Jurgens, 2002, 2003).
The primary motor and sensory ROIs were combined into a single
ROI to create a primary sensorimotor region because functional
activation is typically continuous across this region. However, the
primary sensorimotor ROI was then divided at the level of z=30 to
provide a ventral ROI thought to encompass the orofacial
sensorimotor region and a dorsal ROI for the thoracic/abdomen
region. The final set of 11 ROIs included the ventrolateral
precentral gyrus (BA 6), inferior primary sensorimotor cortex (MI/
SI-inf, BA 2–4), superior primary sensorimotor cortex (MI/SI-sup,
BA 2–4), Broca's area (BA 44), anterior cingulate cortex (ACC,
BA 24 and 32), insula (BA 13), superior temporal gyrus (STG, BA
22), dentate nucleus of the cerebellum, putamen, ventral lateral
(VLn) and ventral posterior medial (VPm) nuclei of the thalamus.
A suitable ROI was not available from the digital atlas for the
supplementary motor area (SMA) because the only available ROI
covered the mediodorsal BA 6, which was excessively large.

Within an ROI, the voxels that were active for a task (voiced
syllables or prolonged exhalation) in each subject were identified
using a statistical threshold (p<0.001) to detect voxels with
positive values (task> rest condition) that were less than 6 mm
apart. The 6 mm criterion was chosen to extend beyond the in-
plane resolution (3.75 mm*3.75 mm) of the original coordinates
while also encompassing the original slice thickness (6 mm). The
volume of active voxels was converted to a percentage of the total
ROI volume. A three way repeated ANOVA was computed to test
for differences in the percent volume activation across three
factors: Task (phonation versus exhalation); ROI (region of
interest); and Laterality (right versus left hemisphere).

To compare the mean amplitude of activation in ROIs, we rank-
ordered the voxels within each ROI starting with the most positive
values and then selected the highest 20% of voxels in each ROI to
calculate a cumulative mean amplitude. This approach ensured that
the number of voxels for a particular ROI contributing to the mean
amplitude was the same for each subject in each task. Selection of
the 20% criterion was based on a pilot study conducting multiple
simulations using cumulative mean values from 0 to 100% from
different ROIs. Criteria below 15% only tended to capture the most
intense activation, which likely did not represent the range of
significant activity while criteria greater than 30% typically
approached 0. The 20% criterion generated mean signal values
that were around the asymptote between intense means of low
criterions and the negligible mean signal values above 30%. A
three way repeated ANOVA examined the factors: ROI, Task and
Laterality. The overall significance level of p≤0.025 (0.05/2) that
was corrected for the two ROI ANOVAs (Extent and Amplitude)
was used to test for significant effects.

Results

The syllabic (glottal stop plus vowel) and prolonged vowel
conditions elicited highly similar patterns of bilateral activity in
cortical and subcortical regions that encompassed the orofacial
sensorimotor cortex, insula, STG, SMA, anterior cingulate and
cingulate gyrus, thalamus, putamen and cerebellum. A conjunction
analysis was also conducted to identify overlapping and unique
responses at a threshold of p<0.01, which indicated a completely
overlapping pattern of responses in the cerebral regions mentioned
previously. A voxel-wise group comparison between the amplitude
coefficients of the two conditions indicated that the only task
difference was a cluster of activation in the left midline SMA
(Table 1) where syllabic repetition exceeded prolonged vowel
production at the predetermined p value of p<0.01 for a cluster of
6 voxels (Fig. 2a). The amplitude of the HDR for the prolonged
vowel never exceeded the amplitude of the response to the repeated
syllable. The single cluster of differential activation, although
theoretically important, was the only difference so the syllable
repetition and extended vowel conditions were combined for all
subsequent analyses and figures.

The combined phonatory task activation for the group using the
criterion of p<0.01 for 6 contiguous voxels showed a widespread
bilateral pattern of brain activation. To discriminate separate spatial
clusters for this descriptive analysis, we applied a more stringent
criterion Z value of 4.0 for clusters ≥506 mm3 in cortical and
subcortical regions where the phonatory task activation was
significantly greater than zero (Table 1). This stringent threshold
indicated the most intense clusters of activation associated with the
combined phonatory tasks. The most prominent cluster was in the
left lateral cortex extending from the inferior frontal gyrus, through
the post-central gyrus to the superior temporal gyrus encompassing
Brodmann areas 1–4, 6, 22 and 44 (Fig. 2b, z=17). Three activation
clusters were detected in the right hemisphere, which included the
right cerebellum (Fig. 2b, z=−17), the right supramarginal gyrus
(BA 40; Fig. 2b, z=34) and the right inferior lingual gyrus (Table 1).
Bilateral activation was evident in the lateral pre and post-central
gyrus (BA 3, 4/6) in a region superior to the left ventrolateral cluster
(Fig. 2b, z=34). Midline cortical activation was evident in a cluster
that encompassed the SMA (BA 6, z=51) and extended into the
ACC (Table 1). Prominent subcortical activation was found in
ventral and medial nuclei of the right thalamus and in the right
caudate nucleus (Table 1). Activation in the PAG was not detected
by the voxel-wise group analysis.

As with the phonatory tasks, voluntary exhalation elicited a
widespread pattern of activation. Using the same criteria of a Z
score of 4.0 (for 6 contiguous voxels), a set of cortical and
subcortical regions similar to the phonatory tasks was identified
(Fig. 2b), although the volume of activation was decreased and
fewer regions were detected (Table 1). Regions of activation in the
left hemisphere included a large inferolateral cluster (BA 2–4, 6,
22, 44; Fig. 2b, z=17) and a more superior cluster (BA 3–4, 6; Fig.
2b, z=34), both encompassing primary sensorimotor regions. Two
clusters of right hemisphere activation included the supramarginal
(BA 40; Fig. 2b, z=17) and occipital gyri (BA 19). Subcortical
activation involved large clusters of activation in the right
cerebellum (Fig. 2b, z=−17) and the right thalamus (Table 1).

The conjunction analysis of phonatory and exhalation tasks at
the same statistical threshold (Z≥4.0) indicated a highly over-
lapping pattern of responses in left primary sensorimotor regions,
left frontal operculum, bilateral insula, bilateral thalamus and right
BA 40 (Fig. 3a). The phonatory responses were more widespread
throughout the left STG (BA 22/41/42), medial motor areas (SMA
and ACC) and the right SMG, STG and lateral precentral cortex
(BA 6). Almost no unique responses were detected for exhalation,
which were encompassed by the phonatory task responses.



Table 1
Brain activation during vocalization and exhalation

Brain region Brodmann no. Volume mm3 Mean Z score Max Z score Coordinates

x y z

Repetitive vocalization>Continuous vocalization
Lt SMA 6 531 3.3 4.0 −10 −2 56

Vocalization>Rest
Lt ventrolateral cortex 1–4, 6, 22 6596 5.0 6.6 −59 −28 18
Lt pre/post-central gyri 3–4, 6 1873 4.9 5.8 −44 −10 39
Rt precentral gyrus 4, 6 664 4.9 5.9 36 −8 28
Rt supramarginal gyrus 40 1001 5.1 6.2 56 −41 42
Midline SMA and ACC 6, 32 886 4.8 5.5 −5 −8 47
Rt inferior lingual gyrus 19 518 5.3 7.0 39 −72 −10
Rt cerebellum 3902 4.9 6.2 7 −71 −13
Rt thalamus—VA, VL, VPm, MD 1183 4.9 5.5 9 −4 18

Exhalation>Rest
Lt ventrolateral cortex 1–4, 6, 22, 40 4390 4.7 6.2 −42 −4 10
Lt pre/post-central gyri 3–4, 6 1418 4.6 5.6 −44 −12 38
Rt supramarginal gyrus 40 653 4.8 6.0 56 −41 41
Rt inferior lingual gyrus 19 591 5.0 6.8 39 −70 −6
Rt cerebellum 3034 4.6 6.2 7 −70 −13
Rt thalamus—VPLn, LPn 1933 4.5 5.8 21 22 11

Vocalization>Exhalation
Rt STG and insula 21, 22 5331 3.4 5.2 64 7 −2
Lt STG 40, 42 2020 3.2 4.1 −59 −28 18
Lt STG 22 759 3.3 4.2 −48 −9 4

Abbreviations: MFG—medial frontal gyrus, STG—superior temporal gyrus, SMA—supplementary motor area, ACC—anterior cingulate cortex; thalamus: VA—
ventral anterior, VL—ventral lateral, VPm—ventral posteromedial, LPn—lateral posterior, MD—medial dorsal. Lt—left, Rt—right.
Regions showing significant activation are listed for each condition and for the relevant contrasts between the conditions. For each region, the volume of
activation at the p value associated with the contrast is presented, along with the mean and maximum Z score. The site of the maximum Z score is given in
Talairach and Tournoux coordinates. Only activation clusters equal to or exceeding 506 mm3 are presented.
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The HDR amplitude for the phonatory task exceeded that for
exhalation at the corrected alpha level (p<0.01 for 6 contiguous
voxels) in only three regions (Fig. 3b): the right and left superior
temporal gyrus (STG) and in the right insula (Table 1). In the left
STG, large clusters were found in BA 22 and more posteriorly in
BA 40/42. A single large cluster was detected in the right STG that
extended into the right insula. The HDR amplitude for exhalation
was significant in numerous brain regions at the statistical
threshold (p<0.01 for 6 contiguous voxels), but did not exceed
the amplitude of the HDR to phonation in any region.

ROI comparison of percent region volume

Increases in the percent of voxels in an ROI that were active
(p<0.001) occurred during both the phonatory and exhalation
tasks in each subject for all of the 11 ROIs with few exceptions,
suggesting that the brain areas captured by these ROIs were active
for both tasks. The repeated measures ANOVA for the percent of
voxels in an ROI which met the criterion of p<0.001 indicated
significant main effects for Task (F(1,11)=10.43, p=0.008) and
Side (F(1,11)=6.94, p=0.02) and a three-way interaction between
ROI, Task and Side (F(1,11)=2.928, p=0.013—Huynh–Feldt
corrected p value). We chose to evaluate the three-way interaction
by investigating Task and Side effects and interactions within each
ROI. Greater percent volumes occurred during the phonatory tasks
compared to exhalation in 4 ROIs (Figs. 4a–d): STG (F(1,11)=
35.23, p<0.001), MI/SI-inferior (F(1,11)=35.23, p<0.001),
dentate nucleus (F(1,11)=35.23, p<0.001) and VLn (F(1,11)=
35.23, p<0.001). The percent volume was significantly greater on
the left relative to the right for the MI/SI-inferior ROI (F(1,11)=
7.94, p=0.017) (Fig. 4e). Significant Task by Side interactions
(Fig. 5) were found for BA 44 (F(1,11)=7.50, p=0.020) and the
insula (F(1,11)=10.71, p<0.01) where the response was greater
on the right for phonatory tasks and equal during exhalation, while
it was greater on the left than on the right for exhalation in the
insula.

ROI comparison of response amplitude

Repeated measures ANOVA for mean percent change indicated
significant main effects for ROI (F(10,110)=6.29, p<0.001—
Huynh–Feldt corrected p value) and an ROI by Task interaction
(F(1,11)=2.94, p=0.015—Huynh–Feldt corrected p value). To
focus on differences within ROIs, we used paired t-tests to compare
the tasks—p≤0.025. The results indicated that percent change was
significantly greater during the phonatory tasks compared to
exhalation (Figs. 6a, b) in BA 22 (t(11)=3.56, p<0.01) and the
dentate nucleus (t(11)=2.68, p=0.02).

Experiment 2: a test of auditory feedback manipulations on the
hemodynamic response for laryngeal tasks

Experiment 2 was aimed at determining whether the basis for
the auditory response differences between the phonatory task and



Fig. 2. Brain imaging results from voxel-wise comparisons of the phonation and exhalation tasks based on average group data. The arrows indicate clusters of
significant positive activation: (a) the direct contrast between repetitive and continuous phonation (p<0.01 for a cluster size of 506 mm3); (b) axial brain images
showing the statistical comparison (Z≥4.0 for a cluster size of 506 mm3) between phonation and quiet respiration (top row) and the comparison between
exhalation and quiet respiration (bottom row).
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exhalation in experiment 1 was due to the presence of auditory
feedback during the phonatory task or because of auditory
monitoring differences during speech and non-speech tasks (Belin
et al., 2002). In experiment 2 we determined if auditory region
response differences occurred: (1) between phonated and whis-
pered syllable repetition tasks with auditory feedback differences;
and (2) between phonated syllable repetition and a non-speech
vocalization task (whimper), when both had the same auditory
feedback of vocalization. We also conducted these comparisons
when auditory feedback was masked by acoustic feedback during
the tasks.

Subjects
Twelve adults between 22 and 69 years participated in the study

(mean—33 years, s.d.—11 years, 6 females). Three of the subjects
also participated in experiment 1. All were right-handed, native
English speakers who met the same inclusion criteria as experiment
1. All provided written informed consent before participating in the
study, which was approved by the Internal Review Board of the
National Institute of Neurological Disorders and Stroke.
Experimental tasks
The experiment involved 2 separate sessions in which the

subjects produced speech-like phonatory and whispered syllable
repetition and non-speech vocalization (whimper) tasks (separate
trials) during one session with normal auditory feedback and
during another session with auditory masking during production.
The repeated syllable used for both the phonatory and whisper
tasks was the same as experiment 1 (Gallena et al., 2001)
produced reiteratively ( ) at a rate similar to normal speech
production (3–5 repetitions per second)—except the whisper task
did not include vocal fold vibration. The non-speech vocalization
task mimicked a short whimper sound and was repeated 3–5 times
per second. The whispered/phonated syllable repetition and
whimper require active control over expiratory airflow to maintain
production, with the primary difference being that the syllabic
tasks involved speech like laryngeal gestures and the other a non-
speech vocalization. The phonated syllable and whimper were
produced at a similar speech sound intensity while whispered
speech was much quieter. The acoustic examples for the
phonatory and whispered syllable repetition and whimper tasks



Fig. 3. (a) Conjunction map of the combined phonation condition and the exhalation condition (Z≥4.0); and (b) paired t-test comparison of the amplitude
coefficients from the combined phonation condition versus the exhalation condition.
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were amplified to the same intensity level to serve as clearly
audible task cues. The subjects were further trained to prolong the
tasks until the offset of the visual production cue. Each of these
three tasks produced either vocal fold vibration or whispering
involved the same oral posture so the oral articulatory and
linguistic constraints were minimized, instead; the tasks focused
on laryngeal movement control for either phonation, whisper or
non-speech vocalization. Quiet rest was used as the control
condition.

The time course of the stimulus presentation and response was
the same as the first experiment (Fig. 1). The auditory presentation
format, visual arrow cue, response requirements and presentation/
recording set-up were identical to experiment 1. For each subject,
there were 36 syllable phonation trials, 36 whisper trials and 36
non-speech vocalization trials. The experiment involved other
stimuli that are not reported here. The stimuli were randomized so
each subject received a different task order.

In the normal feedback condition, the subjects’ heard their own
phonatory, vocal or whispered productions. The sound intensity
level through air conduction was likely reduced because the
subjects were wearing earplugs for hearing protection, but they
could still hear their own productions via bone conduction except
in the whispered condition. In the masking condition, the same
reversed speech was presented binaurally at 80 dB SPL to mask
both air and bone conduction of the subjects’ own productions
during all three conditions, phonated syllables, whispered syllables
and whimper. We verified for each subject that the reversed speech
noise was subjectively louder than their own production. The
speech noise began at the same time as the visual production cue
and continued for the entire production phase (4.5 s). The reversed
speech provided effective masking of phonatory productions
because the reversed speech masking noise and the utterance have
similar long-term spectra (Katz and Lezynski, 2002).

The same event-related sparse-sampling design as described for
experiment 1 was used for experiment 2, except that a software
upgrade allowed us to shorten the TR from 2.7 s to 2.0 s and
acquire 35 sagittal slices instead of 23. Voxel dimensions were
3.75*3.75 mm in-plane as per experiment 1 but the slice thickness
was decreased from 6 mm to 4 mm, while the other EPI parameters
remained unchanged. A whole-head anatomical MPRage volume
was acquired for each subject (parameters identical to experiment
1). The functional image analysis used the same methods as
experiment 1, except that 372 EPI volumes were collected over 6
runs.

The purpose of experiment 2 was to determine whether the
auditory area HDR differences in experiment 1 were due to louder



Fig. 4. Functional activation extent (% activation volume) from each subject is compared for specific ROIs. Task differences are shown in a–d and a hemisphere
difference is shown in e: (a) superior temporal gyrus (BA 22); (b) dentate nucleus of the cerebellum; (c) ventral lateral nucleus of the thalamus (VLn); (d–e)
inferolateral primary sensorimotor cortex (MI/SI-inferior).
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auditory feedback during the phonatory task that was not present
during the quiet exhalation or whether the auditory findings could
have resulted from differences in auditory processing of the speech-
like aspects of the phonatory task versus exhalation (Belin et al.,
2002). Therefore, in experiment 2, we contrasted the phonatory and
Fig. 5. Average functional activation extent is shown for the task conditions (Ph
(b) insula.
whispered productions of the same syllables during normal feedback
to determine if auditory area differences in the BOLD signal were
due to auditory feedback differences. We then compared the
phonatory syllable repetitions with non-speech whimper to
determine if auditory area responses differed in speech-like and
onation and Exhalation) and hemisphere (Left and Right): (a) BA 44 and



Fig. 6. Task differences in mean activation amplitude (% change) from each subject is compared within specific ROIs: (a) superior temporal gyrus (BA 22); (b)
dentate nucleus of the cerebellum.
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non-speech tasks with similar levels of auditory feedback. Finally,
we conducted both comparisons (phonated versus whispered
syllables and phonated syllables versus whisper) during masking
to identify if any auditory area differences occurred. Four voxel-wise
planned comparisons (paired t-tests) were used to identify voxels
where the group mean amplitude coefficients for the laryngeal tasks
(versus rest) differed for (1) phonatory syllables vs. whispered
syllables (normal feedback); (2) phonatory syllables vs. whimper
(normal feedback); (3) phonatory syllables vs. whispered syllables
(masked feedback); (4) phonatory syllables vs. whimper (masked
feedback). A cluster-size thresholding approach based on the same
approach described for experiment 1 was used to correct for multiple
voxel-wise comparisons (AlphaSim module within AFNI). A
threshold of p<0.01 was indicated as the nominal voxel-wise de-
tection level for clusters of 9 or more contiguous voxels (equivalent
volume-506.25 mm3). Voxel clusters smaller than 9 contiguous
voxels were rejected under the null hypothesis.

Results

In the normal feedback condition, no differences occurred for
phonated syllable repetition versus whispered syllable repetition in
the STG (BA 22/41) on either side (Fig. 7a) while the repetitive
syllable phonated task was associated with a significantly greater
HDR in the left STG (BA 22/41) compared to whimper (Fig. 7b). No
other significant task differences were detected in the STG or
temporal lobe between either the phonated syllable repetition versus
whispered syllable repetition or the repetitive syllable phonated task
versus whimper in the masking feedback conditions (Figs. 7c–d).

Discussion

Volitional laryngeal control system

The central control of laryngeal gestures for producing glottal
stops and vowels in syllables involved a widely distributed system
encompassing the lateral sensory, motor and pre-motor regions in
the left hemisphere; bilateral dorsolateral sensorimotor regions;
right temporoparietal, cerebellar and thalamic areas; and the medial
SMA and ACC. The left predominant responses and medial
responses for phonatory tasks encompassed similar regions to
those mapped by Penfield and Roberts (1959) where voice could
be elicited or interrupted with electrical stimulation. This
functional system for phonation is similar to that found in recent
neuroimaging studies of phonation (Haslinger et al., 2005;
Ozdemir et al., 2006) and other studies involving simple speech
production tasks (Murphy et al., 1997; Wise et al., 1999; Riecker
et al., 2000; Huang et al., 2001).

A similar pattern of HDR activity was found for exhalation,
which involved left ventrolateral and dorsolateral primary
sensorimotor areas, and right-sided responses in temporoparietal,
cerebellar and thalamic regions. The group data suggest that,
relative to exhalation, phonation further involved responses in the
SMA and ACC and more extensive left sensorimotor responses,
but that the difference was quantitative rather than qualitative.

The major difference between the phonatory and exhalation
response patterns was the greater response in the superior temporal
gyrus in experiment 1. In experiment 2 we compared phonated and
whispered syllable productions to determine if the finding in ex-
periment 1 was due to a difference in sound due to voice feedback.
Because no differences were found between phonated and
whispered productions, it is unlikely that the auditory area
response differences in experiment 1 were due to either auditory
feedback or differences in the auditory stimuli. On the other hand,
greater auditory area responses occurred when comparing the
phonated syllables with whimper, a non-speech task. These results
suggest that the auditory area response differences in experiment 1
might have been found because participants were monitoring their
own voice productions for phonatory tasks and not for exhalation
because similar differences in auditory area responses were found
between phonated syllables and whimper. Furthermore, these
differences were eliminated with auditory masking, suggesting that
the ability to hear one’s own voice during phonatory tasks is
important for this auditory area response. These results are in
agreement with behavioral and neuroimaging evidence of the
importance of voice feedback during voice production. Rapid pitch
shifts in voice feedback have been shown to produce rapid changes
in voice production during extended vowels, and vowel pitch
glides (Burnett et al., 1998; Burnett and Larson, 2002) and Belin
and colleagues found greater auditory HDR responses to speech
sounds than non-speech sounds (Belin et al., 2002).

The results point to a common volitional sensorimotor system for
the production of laryngeal gestures for speech and voluntary breath
control. For speech-like phonatory changes in voice onset and offset,
precise timing of vocal fold opening and closing is required to
distinguish segments (using glottal stops) and voiced versus
voiceless consonants (Lofqvist et al., 1984). The opening and
closing positions of the vocal folds to produce onsets and offsets are



Fig. 7. Pairwise comparisons (paired t-tests) of the phonatory, whimper and whisper tasks of experiment 2: (a) phonation vs. whimper in the normal feedback
condition; (b) phonation vs. whimper in the masking feedback condition; (c) phonation vs. whisper in the normal feedback condition; and (d) phonation vs.
whisper in the masking feedback condition.
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voluntarily controlled, even though vocal fold vibration is
mechanically induced by air flow during exhalation (Titze, 1994).
Voluntary exhalation and phonation both require volitional control
over the chest wall and laryngeal valving to prolong the breath
stream. The findings show that the brain regions involved in
volitional control of exhalation also contribute to rapid changes in
voice onset and offset for speech. The similar response patterns in
the dorsolateral primary sensorimotor cortex controlling chest wall
activity for thoracic, abdominal and diaphragm contractions were
expected for voice and exhalation, but other similarities were not
expected. The common left predominant pattern for phonation and
exhalation is similar to a report of activity in the precentral gyrus
during exhalation using PET (Ramsay et al., 1993), but these
findings differ from fMRI studies of inhalation and exhalation
(Evans et al., 1999; McKay et al., 2003), which did not find left
predominant, inferolateral sensorimotor activation. The precentral
gyrus region that was active for both tasks is close to the anatomical
region previously identified from which electrical stimulation elicits
vocal fold adduction in rhesus monkeys (Simonyan and Jurgens,
2002, 2003). Although previous studies have found that this region
is not essential for innate phonations in subhuman primates
(Kirzinger and Jurgens, 1982), this region may be part of the
volitional laryngeal control network for human speech.

The lack of difference between the phonatory tasks and
exhalation in other than the auditory regions, however, may be
due to the limited types of phonatory tasks sampled in this study.
The phonatory tasks used included sustained vowels and repetitive
syllable tasks, which do not probe the full range of laryngeal
control for connected speech such as for pauses between phrases,
and suprasegmental changes in pitch, loudness and rate for speech
intonation. Further fMRI studies manipulating these vocal para-
meters during phonation may elicit more distinctive HDR activity
patterns relative to voluntary exhalation.

Lateral predominance of sensorimotor control for laryngeal
gestures

The voxel-wise analyses indicated a left hemisphere predomi-
nance of laryngeal sensorimotor control for phonation and
exhalation, which correspond to neuroimaging studies involving
speech tasks with phonation where the sensorimotor activation was
left-lateralized (Riecker et al., 2000; Jeffries et al., 2003; Brown et
al., 2006). On the other hand, a more bilaterally symmetrical
distribution of sensorimotor activity has been found in other
studies using tasks involving phonation (Murphy et al., 1997; Wise
et al., 1999; Haslinger et al., 2005; Ozdemir et al., 2006). Similar
discrepancies have occurred in the study of singing, where some
reports point to right-sided predominance of sensorimotor control
of vocalization (Riecker et al., 2000; Jeffries et al., 2003), while
others report a symmetrical pattern (Perry et al., 1999; Brown et al.,
2004; Ozdemir et al., 2006). The same has occurred for exhalation
where bilaterally symmetrical sensorimotor activation was reported
in orofacial and more dorsal regions for prolonged exhalation
(Colebatch et al., 1991; Ramsay et al., 1993; Murphy et al., 1997),
while two studies, along with our results, suggest left-sided
predominance in the laryngeal motor cortex (Ramsay et al., 1993)
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and an inferolateral sensory area (Evans et al., 1999). The complex
variations in the tasks used by different studies involve different
motor/cognitive response patterns that could account for the
differences in hemispheric responses.

The task by hemisphere interactions in BA 44 and the insula
indicated that the response volume for phonation was greater in the
right hemisphere compared to the left in these regions. The
predominance of right side responses in these regions during
syllabic phonation is not consistent with the view that speech
activity in these regions is left predominant. One possible
explanation is that the phonatory control aspects for voice onset
and offset are independent of speech and language processing.
Right-sided predominance has been shown both for voice perception
(Belin et al., 2002) as well as studies of widely varying singing tasks
(Riecker et al., 2000; Brown et al., 2004, 2006; Ozdemir et al.,
2006). This leaves the possibility open that subjects performed the
tasks as a singing-like or tonal task involving right-sided mechan-
isms for pitch processing. However, the right hemisphere IFG/insula
activity could also be motor planning activity for non-speech
vocalizations (Gunji et al., 2003). In any case, the interaction is
difficult to explain without further study. The left-sided predomi-
nance of the insula response during prolonged exhalation conforms
to a previous report of left inferolateral cortical activation during
volitional exhalation (Ramsay et al., 1993). A response in BA 44 has
not been found consistently during simple repetitive speech tasks
(Murphy et al., 1997; Wise et al., 1999), vowel phonation or
humming (Ozdemir et al., 2006) or speech exhalation (Murphy et al.,
1997). Studies that involved singing of a single pitch or overlearned
songs also have not reported BA 44 responses predominantly on the
left or right (Perry et al., 1999; Riecker et al., 2000; Jeffries et al.,
2003; Ozdemir et al., 2006). One study of simple vowel phonation
reported bilaterally symmetric activation in BA 44 (Haslinger et al.,
2005) while another study involving monotonic vocalization
reported right BA 44 activation (Brown et al., 2004). As stated
previously, further experimentation involving a broader range of
phonatory tasks is necessary to resolve the contribution of
inferofrontal areas.

Components of the phonatory system

Despite the similarities in the lateral brain regions, the SMA
and ACC responses in the volumetric analysis were only
significant for phonation and not for exhalation. Others have
found SMA responses during phonation (Colebatch et al., 1991),
exhalation (Colebatch et al., 1991) and speech (Murphy et al.,
1997; Wise et al., 1999; Riecker et al., 2005) along with the ACC
(Barrett et al., 2004; Schaufelberger et al., 2005; Schulz et al.,
2005). The greater involvement of the SMA during the repetitive
syllable task in contrast with prolonged vowels suggests that SMA
activity may be greater during complex movements such as
syllable production for speech. The responses of the SMA reported
here are consistent with an important role for the SMA in
phonation for speech and conform to theoretical positions that the
SMA is involved in highly programmed movements (Goldberg,
1985).

The ACC responses found here and in other studies of speech
phonation (Barrett et al., 2004; Schulz et al., 2005) suggest that the
ACC may have a role in the human phonation system for speech. A
significant difference between phonation and exhalation was not
detected, however, which suggests that a BOLD response did occur
in the ACC for exhalation (Colebatch et al., 1991; Corfield et al.,
1995; Murphy et al., 1997), but it did not reach the statistical
threshold. The lack of PAG responses contrasts with a PET study
that reported ACC–PAG co-activation during voiced speech but
not during whispered speech (Schulz et al., 2005). Schulz et al.
(2005) sampled narrative descriptions of personal experiences,
which likely involved more complex speech and emotional vocal
expression that may have activated the ACC–PAG. The syllabic
phonatory tasks used here did not have emotional content so the
ACC–PAG system may not have been involved. However, to
properly test a role for the PAG in phonation using fMRI, a cardiac/
respiratory gating procedure would be required.

Phonation was associated with a significantly higher response
in the dentate nucleus compared to exhalation. A task effect within
the dentate has significance because the cerebellum is thought to
have a particular role in error correction and coordination during
speech production (Ackermann and Hertrich, 2000; Riecker et al.,
2000; Wildgruber et al., 2001; Guenther et al., 2006). Similar
preferential responses in the cerebellum during phonation relative
to whispering were found during narrative speech (Schulz et al.,
2005). Other areas of significance for the control of phonation
suggested by our results include the left inferolateral sensorimotor
cortex, a region previously identified for voice and speech
production (Penfield and Roberts, 1959; Riecker et al., 2000)
and which may subserve laryngeal motor control for speech in
humans.

Conclusions

Generalizing the current findings may be limited by the nature
of the tasks used. The phonation task involved vowels and glottal
stops dependent upon precise control of vocal fold closing and
opening at the larynx. We used this task to avoid the rapid orofacial
movements of consonant production and the linguistic formulation
of meaningful words. However, simple syllable production may
not engage the same brain regions that are involved in articulated
speech. In separate studies, however, the brain activation
associated with either complex speech phonation (Schulz et al.,
2005) or simple vowel production (Haslinger et al., 2005) involved
similar bilateral regions as identified in the current study.

Voluntary exhalation may itself be seen as a ‘component’ in
phonation because it drives vocal fold vibration. It remains
possible that subjects controlled exhalation in a similar fashion to
exhalation for phonation, which led to minimal task differences. A
broad range of non-speech tasks involving volitional laryngeal
control such as whimper studied here may involve similar bilateral
sensory and motor regions (Dresel et al., 2005) to those found here
for phonatory control. In future studies, speech and other laryngeal
motor control tasks should be compared with syllabic phonation.

This study contrasted phonation for vowel and syllable
production with exhalation in an effort to identify the human
phonation system. A previous neuroimaging study which com-
pared phonation and exhalation and used the subtraction paradigm
may have missed the central control aspects of voice for speech by
assuming that the components of different tasks are additive
(Murphy et al., 1997). Instead, the two tasks appear to share highly
related central control that would not be observed when using
subtraction (Sidtis et al., 1999). By contrasting the percent change
coefficient for phonatory tasks with voluntary exhalation we
identified the regions of the human brain system involved in voice
control for syllabic phonation. Furthermore, the HDR was
estimated from single events, which has greater specificity than



142 T.M.J. Loucks et al. / NeuroImage 36 (2007) 131–143
the longer duration events used in the PET studies (Murphy et al.,
1997; Schulz et al., 2005). These methodological differences may
explain why we found left hemisphere laryngeal motor control
predominant for phonation that was not found in previous studies.
In conclusion, our results suggest that the laryngeal gestures for
vowel and syllable production and controlled exhalation involve
left hemisphere mechanisms similar to speech articulation.
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