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Abstract

Purpose—This study investigated the network of brain regions involved in overt production of
vowels, monosyllables, and bisyllables to test hypotheses derived from the Directions Into Velocities
of Articulators (DIVA) model of speech production (Guenther, Ghosh, & Tourville, 2006). The
DIVA model predicts left lateralized activity in inferior frontal cortex when producing a single
syllable or phoneme and increased cerebellar activity for consonant—vowel syllables compared with
steady-state vowels.

Method—Sparse sampling functional magnetic resonance imaging (fMRI) was used to collect data
from 10 right-handed speakers of American English while producing isolated monosyllables (e.g.,
“ba,” “00”). Data were analyzed using both voxel-based and participant-specific anatomical region-
of-interest-based techniques.

Results—Overt production of single monosyllables activated a network of brain regions, including
left ventral premotor cortex, left posterior inferior frontal gyrus, bilateral supplementary motor area,
sensorimotor corteX, auditory cortex, thalamus, and cerebellum. Paravermal cerebellum showed
greater activity for consonant-vowel syllables compared to vowels.

Conclusions—The finding of left-lateralized premotor cortex activity supports the DIVA model
prediction that this area contains cell populations representing syllable motor programs without
regard for semantic content. Furthermore, the superior paravermal cerebellum is more active for
consonant—vowel syllables compared with vowels, perhaps due to increased timing constraints for
consonant production.

Keywords

speech motor control; cerebellum; Broca’s area; hemispheric asymmetry; region-of-interest analysis;
sparse clustered imaging; syllable production

Speech is one of the most complex tasks carried out by the human brain, involving the
integration of auditory information from the temporal lobe, motor information from the frontal
lobe, somatosensory information from the parietal lobe, and an array of subcortical structures,
including the cerebellum, basal ganglia, and thalamus. A window into how different brain
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regions interact to produce a rapid stream of speech sounds can therefore provide insight into
awide array of brain mechanisms. Understanding the brain processes governing the production
of the elementary building blocks of speech, such as phonemes and syllables, is a significant
step in achieving this goal. However, functional imaging studies of speech production have
concentrated primarily on word production and linguistic aspects of speech communication
(for areview, see Indefrey & Levelt, 2004) and/or have used syllable production tasks that may
involve sequencing processes (e.g., Bohland & Guenther, 2006; Soros et al., 2006). A primary
goal of the current study was to investigate, using functional magnetic resonance imaging
(FMRI), the premotor lateralization and cerebellar involvement during the articulation of
vowels and monosyllables that do not invoke syllable sequencing processes.

Brain activations observed during one of the simplest speech tasks, pseudoword reading (see
Table 1), can provide insight into the mechanisms of speech articulation. A meta-analysis of
pseudoword reading studies (Indefrey & Levelt, 2004) identified activity in several brain
regions. Bilateral sites commonly activated included the posterior inferior frontal gyrus, ventral
precentral gyrus, middle superior temporal gyrus, and medial and lateral cerebellum. Left-
lateralized activation sites include the supplementary motor area (SMA), posterior fusiform
gyrus, middle cingulum, and thalamus. However, several issues limit the information gained
from these studies. First, most of them were performed using positron emission tomography
(PET) scanners with lower spatial resolution than modern fMRI equipment, thereby impeding
precise localization of neural activation. Second, several of these studies involved only covert
speech, and clear differences in brain activity between covert and overt speech have been
identified (Barch et al., 1999). Third, a number of these studies used sequences of syllables
(Bohland & Guenther, 2006;Riecker, Ackermann, Wildgruber, Meyer, et al., 2000) that may
invoke syllable sequencing mechanisms. Fourth, a number of these studies involved a repetition
paradigm during which participants were asked to repeat the same utterance several times in
a row (Riecker, Ackermann, Wildgruber, Meyer, et al., 2000) or to repeat the same utterance
on successive trials (Soros et al., 2006). This can reduce the activity due to the repeated
stimulus. Finally, the goal of most of these studies was to identify differences in brain activation
between word and nonword reading and not the neural processes of speech articulation, which
is our primary goal here.

As further motivation for the current study, results from several of the studies listed in Table
1 are contradictory and require further investigation. For example, Riecker, Ackermann,
Wildgruber, Meyer, et al. (2000) asked participants to produce consonant-vowel (CV)
syllables, a CCCV syllable, and a CVCVCYV syllable sequence and reported activity in primary
motor, primary sensory, and cerebellar regions. Unexpectedly, they noted a reduction or
absence of activation in these regions for the complex utterance “pataka” compared with the
simple syllable “ta.” Cerebellar activity was reported only when the syllable “stra” was
produced. Lotze, Seggewies, Erb, Grodd, and Birbaumer (2000) investigated brain activity
using repetitions of the syllables “pa,” “ta,” “ka,” and the syllable sequence “pataka.” Contrary
to the finding by Riecker, Ackermann, Wildgruber, Meyer, et al. (2000), when contrasting the
syllable sequence to the single syllables they reported similar activity in primary motor and
sensory cortices and greater activity in the SMA for the syllable sequence. Soros et al.
(2006) also explored the speech production network using similar stimuli: “ah,” “pa,” “ta,”
“ka,” and “pataka.” Similar to Lotze et al. (2000), they reported increased activation when
comparing “pataka” production to single-syllable production. However, they reported
increases only in superior temporal gyrus and putamen and none in the SMA. Bohland and
Guenther (2006) used sequences of CV-pseudowords (e.g., “ta-ki-su,” “stra-stra-stra”) to
investigate effects of speech sequencing and syllable complexity. They reported increased
activation in the SMA when comparing complex sequences to simple sequences (e.g., “ta-ki-
su” vs. “ta-ta-ta”). Among the pseudoword studies that used syllable-level units, Bohland and
Guenther (2006) was the only study to report activation in the anterior insula when comparing
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syllable sequence production to a visual baseline task. Soros et al. (2006) pointed out that the
lack of insular activation in their study could be due to the repetitive nature of their paradigm.
These mixed results make it difficult to draw clear conclusions about speech motor control.
Differences may be attributed to variations in the task details, scanner strength, scanning
protocol, stimuli, and the stimulus presentation methods used and highlight the need for further
studies.

Against this background, the goal of the current study was to resolve the previously observed
differences by providing an anatomically detailed analysis of the brain regions underlying
articulation of the simplest speech sounds using state-of-the-art fMRI. Furthermore, in order
to move toward a more detailed functional account of the neural bases of speech production,
the current study tested two specific hypotheses concerning the neural mechanisms of speech
articulation in different brain regions derived from the DIV A neurocomputational model of
speech production (Guenther et al., 2006).

Hypothesis 1: The production of even a single phoneme or simple syllable will result
in left-lateralized activation in inferior frontal gyrus, particularly in the pars
opercularis region (Brodmann’s Area 44; posterior Broca’s area) and adjoining
ventral premotor cortex.

Although it has long been recognized that control of language production is left lateralized in
the inferior frontal cortex (e.g., Broca, 1861; Goodglass 1993; Penfield & Roberts 1959), most
speech production tasks show bilateral activation in most areas, including the motor, auditory,
and somatosensory cortices (e.g., Bohland & Guenther, 2006; Fiez, Balota, Raichle, &
Petersen, 1999). This raises an important question; At what level of the processing hierarchy
does language production switch from being largely left lateralized to bilateral in the cerebral
cortex?

According to the DIVA model, the transition occurs at the point where the brain transforms
syllable and phoneme representations—hypothesized to reside in a speech sound map in left
inferior frontal cortex (specifically, the ventral premotor cortex and posterior inferior frontal
gyrus)—into bilateral motor and sensory cortical activations that control the movements of
speech articulators. The model posits that cells in the speech sound map are indifferent to the
meaning of the sounds; thus, they should be active even when a speaker is producing elementary
nonsemantic utterances. The significance of this hypothesis is that it predicts that storage of
the motor programs for speech sounds are left lateralized. These are purely sensorimotor
representations with no linguistic meaning. Prior pseudoword studies have failed to note left-
lateralized activation in the inferior frontal cortex; here, we directly investigate this issue using
statistically powerful region-of-interest (ROI)-based analysis techniques to test the DIVA
model’s prediction of left-lateralized activity in this region even during production of single
nonsense syllables and bisyllables.

Hypothesis 2: The cerebellum—in particular, the superior paravermal region
(Guentheretal., 2006; Wildgruber, Ackermann, & Grodd, 2001)—will be more active
during CV productions compared with vowel-only productions due to the stricter
timing requirements of consonant articulation.

According to the DIVA model, this region of the cerebellum is involved in the encoding of
feedforward motor programs for syllable production. Cerebellar damage results in various
movement timing disorders, including difficulty with alternating ballistic movements, delays
in movement initiation (Inhoff, Diener, Rafal, & lvry, 1989; Meyer-Lohmann, Hore, & Brooks,
1977), increased movement durations, reduced speed of movement, impaired rhythmic tapping
(Ivry, Keele, & Diener, 1988), impaired temporal discrimination of intervals (Nichelli, Alway,
& Grafman, 1996; Mangels, Ivry, & Shimizu, 1998), and impaired estimation of the velocity
of moving targets (lvry, 1997). Cerebellar damage can also result in ataxic dysarthria, a
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disorder characterized by various abnormalities in the timing of motor commands to the speech
articulators (Ackermann & Hertrich, 1994; Hirose, 1986; Kent, Kent, Rosenbek, Vorperian,
& Weismer, 1997; Kent & Netsell, 1975; Kent, Netsell, & Abbs, 1979; Schonle & Conrad,
1990). The vowel formant structures of people diagnosed with ataxic dysarthria are typically
normal, but the transitions to and from consonants are highly variable (Kent, Kent, Duffy, et
al., 2000; Kent, Duffy, Slama, Kent, & Clift, 2001). This finding suggests that the cerebellum
facilitates the rapid, coordinated movements required for consonant production. If the
feedforward commands for syllables are indeed represented in part in the superior paravermal
cerebellum as predicted by the DIVA model, then this region should be more active for CV
syllables than for single vowels. Again, previous pseudoword studies have not reported such
a difference.

To test these hypotheses, we used a sparse, clustered acquisition fMRI technique. Sparse
imaging methods (Birn, Bandettini, Cox, & Shaker, 1999; Engelien et al., 2002; Le et al.,
2001; MacSweeney et al., 2000; Eden et al., 1999) have been developed to address concerns
related to imaging of auditory and speech tasks. These techniques take advantage of the fact
that the peak hemodynamic response to a neural event is delayed (Engelien et al., 2002; Amaro
etal., 2002), and therefore the response due to an articulatory movement can be measured after
the completion of the movement. This allows stimulus presentation and overt responses to
occur in relative silence (Amaro et al., 2002), thereby eliminating hemodynamic response to
scanner noise that may interfere with auditory cortical activation due to speaking. The sparse
acquisition technique also eliminates the susceptibility artifact (Barch et al., 1999) caused by
changes in the volume of the air cavity of the mouth during speaking, because these artifacts
exist only during the period of movement (Birn, Bandettini, Cox, Jesmanowicz, & Shaker,
1998).

In addition to using an improved scanning paradigm for overt speech tasks, we sought to
improve the anatomical specificity of our results by avoiding the methodological shortcomings
of standard participant averaging procedures. Group statistical analysis of fMRI data is
hindered by (2) noise in the acquired data (Kriiger & Glover, 2001) and (b) the striking amount
of regional neuroanatomical variability in the location of sulci and gyri across participants,
even after transformation into a standard stereotaxic space (e.g., Talairach space; Talairach &
Tournoux, 1988). Standard voxel-based fMRI analyses typically address these problems by
spatially smoothing data (Lowe & Sorenson, 1997) in three-dimensional (voxel) space. This
results in the smearing of functional data across topologically and functionally distant regions.
For example, data from auditory cortex in the superior temporal plane are blended with data
from motor and/or somatosensory cortices in the opercula located immediately above the
temporal plane. Although these areas lie in close proximity in three-dimensional space, they
are far apart on the cortical sheet, separated by the insular cortex. Furthermore, a nonlinear
normalization procedure, meant to align anatomical regions across participants (Ardekani et
al., 2005; Ashburner & Friston, 1999; Woods, Grafton, Watson, Sicotte, & Mazziotta, 1998),
leaves a profound amount of residual intersubject anatomical variability (Nieto-Castanon,
Ghosh, Tourville, & Guenther, 2003) while further blurring individual anatomical distinctions.
Thus, standard voxel-based procedures compromise the anatomical localization of blood-
oxygen-level-dependent (BOLD) responses. To overcome this shortcoming, an anatomically
precise ROI-based procedure was performed in addition to standard voxel-based analyses.
Functional data were pooled within ROIs defined by individual anatomical landmarks prior to
performing group statistical analyses. This ROI-based analysis procedure eliminates the need
for voxel-based spatial smoothing and nonlinear normalization and has been shown to
significantly increase statistical power (Nieto-Castanon et al., 2003).
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Ten right-handed native speakers of American English (3 women, 7 men; 19-47 years of age,
M = 26 years of age) with no history of neurological disorder participated in the study. All

study procedures, including recruitment and acquisition of informed consent, were approved
by the institutional review boards of Boston University and Massachusetts General Hospital.

Experimental Protocol

Scanning was performed at the Athinoula A. Martinos Center for Biomedical Imaging in
Charlestown, Massachusetts, using Siemens Allegra (6 participants) and Siemens Trio (4
participants) 3T scanners equipped with a whole-head coil. Each trial began with the
presentation of a stimulus projected orthographically onto a screen viewable from within the
scanner. Three different types of speech stimuli were used: vowels (V), consonant-vowel
monosyllables (CV), and CVCV bisyllables. The full stimulus list is provided in Table 2.
Nonword stimuli were chosen to minimize brain activation due to semantic processing. A
baseline condition during which “xxxx” was projected on screen was also included.
Participants were instructed to read each speech stimulus aloud as soon as it appeared on the
screen and to remain silent when the control stimulus appeared. Stimuli remained onscreen for
3 s. The participants were asked to pronounce each stimulus in a specific way (they practiced
these pronunciations beforehand), and the context of the task, as well as the spelling of the
stimuli, discouraged the interpretation of the stimuli as real words.

An experimental run contained 65 trials (13 vowels, 26 CVs, 13 CVCV bisyllables, and 13
baseline trials) that were randomly distributed throughout the run. For each run, stimuli were
randomly chosen from the stimulus list in Table 2. Trial length was varied from 15st0 18 s
to prevent the participants from becoming accustomed to a fixed interstimulus interval.
Participants completed two to three functional runs, each approximately 20 min long; time
constraints and/or participant discomfort prevented some participants from completing the
third run. Priming effects associated with repetitive presentation of the same stimulus (Rosen,
Buckner, & Dale, 1998) were eliminated by randomizing the order of stimulus conditions.
Stimulus presentation was implemented using Psyscope (Macwhinney, Cohen, & Provost,
1997) on an Apple iBook computer. Prior to entering the scanner, participants practiced
speaking each stimulus aloud to ensure proper pronunciation. Because vocal output was not
recorded in this setup, the participant was monitored intermittently by listening to the audio
output of the built-in scanner microphone.

Data Acquisition

BOLD responses resulting from speech production were measured using fMRI (Belliveau et
al., 1992; Ogawa, Lee, Kay, & Tank, 1990). Functional data were obtained using a sparse,
clustered acquisition, event-related paradigm (Eden, Joseph, Brown, Brown, & Zeffiro,
1999; Engelienetal., 2002; Le, Patel, & Roberts, 2001; MacSweeney et al., 2000). The timeline
for asingle trial is schematized in Figure 1. Two consecutive whole-head image volumes were
acquired beginning 4 s after trial onset. The functional acquisitions were timed to include the
peak of the hemodynamic response due to speech production; the peak hemodynamic response
has previously been estimated to occur 4-7 s after the onset of articulation (Birn et al., 1998;
Engelien et al., 2002). This sparse sampling protocol permitted data acquisition after
participants finished speaking—that is, in the absence of noise associated with image
collection. This protocol offered several advantages over traditional block and event-related
methods: (a) the task was performed in a more natural, quiet-speaking environment, (b) BOLD
responses in auditory areas were not compromised by the imaging noise, (c) artifacts due to
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head movementand changing oral cavity volumes were avoided, and (d) monitoring participant
responses for proper pronunciation of the stimuli was made easier.

Functional volumes were acquired using a single-shot gradient-echo echo planar imaging (EPI)
sequence. Each volume consisted of 30 T2*-weighted axial slices (5 mm thick, 0 mm skip)
covering the whole brain (time of repetition [TR] = 3 s, time of echo [TE] = 30 ms, flip angle
=90°, field of view [FOV] = 200 mm and interleaved scanning). Slices were oriented parallel
to an imaginary plane passing through the anterior and posterior commissures and
perpendicular to the sagittal midline. Functional images were reconstructed as a 64 x 64 x 30
matrix with a spatial resolution of 3.1 x 3.1 x 5 mm. To aid in the localization of functional
data and for delineating anatomical ROIs, high-resolution T1-weighted anatomical volumes
were collected prior to the functional runs with the following parameters: TR = 6.6 ms, TE =
2.9 ms, flip angle = 8°, 128 sagittal slices, 1.33 mm thick, FOV = 256 mm. Anatomical images
were reconstructed as a 256 x 256 x 128 matrix with a 1 x 1 x 1.33 mm spatial resolution.

Image Processing

The functional data from each participant were corrected for head movement and coregistered
with the high-resolution structural image using the Statistical Parametric Mapping toolbox,
version 2 (SPM2; Friston, Ashburner, Holmes, & Poline, 2002). Because of the clustered-
sparse scanning procedure used in this study, slice-timing correcting could not be applied.
Slice-timing correction relies on collecting image volumes that are temporally close to one
another. The coregistered functional data were normalized to Montreal Neurological Institute
(MNI) stereotaxic space by two methods: (a) a nonlinear transformation provided the
normalized data set used for voxel-based analysis with the SPM2 toolbox and (b) an affine
transformation provided the normalized data set used for ROI analysis. After applying each
transform, the data were resampled to 2 x 2 x 2 mm resolution. The high-resolution anatomical
volume was also normalized according to both the nonlinear and affine normalization
procedures. This dual-stream analysis process is schematized in Figure 2. The nonlinear
normalized images were smoothed with an isotropic Gaussian kernel with a full width at half
maximum (FWHM) of 12 mm.

The affine-normalized anatomical data for each participant was automatically parcellated
(Fischl et al., 2004) using Freesurfer (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale,
1999) into 54 cortical (Caviness, Meyer, Makris, & Kennedy, 1996; Tourville & Guenther,
2003) and 13 subcortical (Fischl et al., 2002) ROIs. The cerebellum was manually parcellated
using a graphical interface component of an ROI toolbox (http://speechlab.bu.edu/SLT.php)
that was developed for interactive parcellation of structural magnetic resonance (MR) images.
The automatically parcellated cortical surface ROls were manually inspected and corrected for
gross labeling errors. The parcellated cortical and subcortical ROIs were then converted to a
volume mask. The ROI volume masks from each participant were used to extract data from
each voxel in that participant’s affine-normalized functional data volume. This procedure
provides functional ROI data from each participant that reflects individual anatomy.

Functional Data Analysis

Estimates of task-related effects were assessed by applying the general linear model to the
normalized functional data. The SPM2 toolbox was used to estimate responses for each voxel
based on the nonlinear smoothed data; estimates for each ROl were based on the mean response
from each ROI based on the affine-normalized, unsmoothed data using the analysis
components of the ROI toolbox. The details of the ROI-based statistical methods are described
elsewhere (Nieto-Castanon et al., 2003). There are several key differences between the voxel-
based and ROI-based analyses. As noted previously, the most significant difference is that the
ROI-based analysis compares responses in anatomically equivalent regions across participants,
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eliminating the need to spatially smooth functional data and providing greater statistical
sensitivity. The increased detection power afforded by the ROI analysis comes at the loss of
spatial specificity provided by voxel-based analyses. In the analysis conducted for this study,
we leveraged the advantages offered by both techniques to ensure detection and localization
of task-related effects. The voxel-based data and the ROI data were both analyzed using the
same design matrix for the general linear model.

The design matrix for the general linear model included one covariate of interest for each test
condition. The BOLD response for each trial was modeled using a single-bin finite impulse
response (FIR) basis function spanning the time of acquisition of the two consecutive volumes.
As a result of the clustered acquisition scheme, global intensity differences between the first
and second volume collected during each trial arose due to T1-relaxation related effects. These
differences were modeled by a high-frequency regressor ([1 -1 1 —1 ...]7) that was added to
the design matrix. Motion parameters estimated from the realignment process and a linear
covariate estimating drift for each run were also added to the design matrix.

Following estimation of the general linear model, mixed effects statistical analysis was
performed to test three contrasts of interest. The first compared monosyllable production (V
and CV conditions) to the visual baseline condition. The second contrast compared bisyllabic
utterances (the CVCV condition) with the monosyllables, and the third contrast compared CV
monosyllables with the vowel-only monosyllables (V). Contrast images were determined for
each participant by comparing the appropriate condition parameter estimates. Group effects
were then assessed by treating participants as random effects and performing one-sample t tests
across the individual contrast images.

Unless otherwise noted in the Results section, the results of the standard SPM and ROl analyses
were corrected for multiple comparisons by using a statistical threshold that controlled the false
discovery rate (FDR; Genovese, Lazar, & Nichols, 2002) at 0.05. The table for results from
the standard SPM analyses was generated using the Automatic Anatomical Labeling (AAL)
atlas (Tzourio-Mazoyer et al., 2002). For each contrast of interest, the significant voxels were
classified and labeled by the atlas, and their corresponding effect sizes were extracted. When
multiple significant locations were detected for an AAL label, only the two most active
locations were reported.

The ROI data served as input to a nonparametric bootstrapping method (Efron, 1979) designed
to assess laterality effects. Specifically, the tests were used to determine whether responses in
the ventral premotor, posterior inferior frontal gyrus, and cerebellar ROIs were greater in the
left than in the right hemisphere. Details of the bootstrapping method are provided in the
Appendix.

Tables 3 and 4 display results from the standard SPM and ROI analyses, respectively.

Monosyllable Production

The standard SPM results for the comparison of monosyllable (V, CV) production to the
baseline visual condition are shown in Figure 3. Table 3 reports the effect sizes and MNI
coordinates of maximally significant locations of activation from the mixed effects analysis.
The FDR correction corresponds to an uncorrected p < .0056. Bilaterally activated areas
included ventral motor cortex; SMA; pre-supplementary motor area (preSMA); insula; the
superior temporal plane (including Heschl’s gyrus and planum temporale); posterior superior
temporal gyrus; putamen; pallidum; thalamus; and lobules VI, VI (Crus 1), VIII, and X and
vermis IV/V of the cerebellum. Significant activation in the left hemisphere only was found
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in ventral premotor cortex, the inferior frontal gyrus, and the inferior temporal—occipital
junction. No areas were active only in the right hemisphere.

The results of the ROI analysis were similar to SPM analysis results (see Figure 4), revealing
bilateral activity in frontal operculum, anterior central operculum, posterior central operculum,
anterior and posterior insula, preSMA, supplementary motor area, Heschl’s gyrus, planum
temporale, posterior superior temporal gyrus, anterior medial cerebellum, superior posterior
lateral cerebellum, superior posterior medial cerebellum, ventral motor cortex, dorsal motor
cortex, ventral somatosensory cortex, putamen, pallidum, and thalamus. Regions that were
significantly active only in the left hemisphere were ventral premotor cortex, inferior temporal
occipital cortex, inferior frontal gyrus pars opercularis, and, to a lesser extent, pars triangularis.
Nonparametric lateralization tests verified significantly greater activation in the left
hemisphere for these regions compared to the right hemisphere. The ROl analysis also revealed
regions significantly active only in the right hemisphere. These were the planum polare,
anterior superior temporal gyrus, and posterior dorsal superior temporal sulcus. The FDR
correction corresponds to an uncorrected region level p <.0228.

Bisyllables Compared With Monosyllables

The standard SPM mixed effects analysis results comparing bisyllabic utterances with
monosyllabic utterances are shown in Figure 5. The FDR correction corresponds to an
uncorrected p <.0022. Bisyllables showed increased activation bilaterally in preSMA, superior
temporal gyrus, lobule VI of the cerebellum, superior parietal cortex, and extra-striate visual
cortex. Significant additional left-hemisphere activation was observed only in primary motor
cortex, inferior frontal gyrus, and Crus I (located in lobule V1) of the cerebellum. ROI analysis
of this contrast (see Table 4) showed bilateral activation in ventral motor cortex, preSMA,
Heschl’s gyrus, planum temporale, anterior and posterior superior temporal gyrus, posterior
dorsal superior temporal sulcus, superior posterior medial cerebellum, putamen, and pallidum.
Significant activation found only in the left hemisphere included ventral premotor cortex,
inferior frontal gyrus pars opercularis, inferior temporal-occipital junction, superior parietal
lobule, and superior posterior lateral cerebellum. The FDR correction for the ROI analysis
corresponds to an uncorrected region level p <.0137.

CV Monosyllables Compared With Single Vowels

The third contrast, comparing CV monosyllables to vowels, did not show any significant
activation when the standard SPM mixed effects analysis results or whole-brain ROI results
were corrected for multiple comparisons. However, ROI analysis restricted to the cerebellum
revealed significant activation in the right anterior medial cerebellum after controlling the FDR
at 0.05. The FDR correction corresponds to an uncorrected region level p <.003. Lateralization
tests using this ROI did not reveal a statistically significant right-hemisphere lateralization.

Discussion

A sparse imaging technique was used to measure BOLD responses during the production of
phonetically simple pseudoword stimuli that do not require syllable sequencing mechanisms.
The experiment revealed the minimal network of brain areas involved in motor control of
speech. This network includes bilateral ventral somatosensory and motor cortex, superior
temporal gyrus (including Heschl’s gyrus and the planum temporale), SMA, preSMA, anterior
and posterior insula, cerebellum (lobule IV, V, VI, Crus |, and lobule VI11), thalamus, and basal
ganglia. In addition, strongly left-lateralized activation was found in the inferior frontal gyrus
and ventral premotor cortex. Producing bisyllabic utterances led to additional activity within
this basic network, including bilateral motor cortex, preSMA, cerebellar lobule VI, Heschl’s
gyrus, planum temporale, superior temporal gyrus, left inferior frontal gyrus, ventral premotor
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cortex, and Crus | of the cerebellum. Additional activity was found only in left superior parietal
lobule and may be related to the processing of additional letters in the orthographic display.

In the following subsections, we discuss the likely roles of these active areas in the speech
production process. This discussion will not address the inferior temporal—occipital junction
and extra-striate cortex activations because we believe these areas are related to reading of
nonsense words rather than speech motor control (Puce, Allison, Asgari, Gore, & McCarthy,
1996).

Posterior Inferior Frontal Gyrus and Ventral Premotor Cortex

The standard SPM and ROI results support Hypothesis 1, showing left lateralized activity in
posterior inferior frontal gyrus (particularly the ventral portion of the gyrus, including the
frontal operculum) and adjoining ventral premotor cortex during monosyllable production. The
DIVA model (Guenther et al., 2006) posits a speech sound map in this region. According to
the model, cells in this map represent well-learned speech sounds (syllables and phonemes)
without regard for semantic content, and activation of these cells leads to the readout of learned
feedforward motor programs for producing the sounds. Activations outside this region were
generally bilateral when speech tasks were compared with baseline. Geschwind (1969)
concluded that speech planning relied on the left hemisphere, but he could not determine, using
his data, at what specific level of the production process speech becomes left lateralized. These
results clearly indicate that semantic content is unnecessary for left lateralization in speech;
even the production of a single nonsense monosyllable involves left-lateralized circuitry in the
inferior frontal cortex. This finding provides an important data point concerning the stage at
which speech processing switches from left lateralized to bilateral.

Primary Motor and Somatosensory Cortex

In the current study, the ventral primary motor cortex (BA 4) was the most active ROI in each
speech task in both hemispheres. Bilateral activation of this region, which drives movements
of the speech articulators, is consistent with all studies of overt word and pseudoword
production (see Indefrey & Levelt, 2004, for a review). No significant difference (p < .05 at
the region level) in this region was noted in the V and CV conditions. The increased ventral
motor activity during bisyllabic productions, relative to monosyllabic productions, likely
reflects the increased control demands required for longer utterances. Although significant
activation was found in both hemispheres, a nonparametric test of laterality demonstrated
significantly more activation of ventral motor cortex in the left hemisphere, consistent with the
findings of Riecker, Ackermann, Wildgruber, Dogil, & Grodd (2000) and Bohland and
Guenther (2006).

Significant activity was also noted in a portion of dorsal primary motor cortex bilaterally in all
speech tasks. Activation of this area was not modulated by increasing the number of syllables.
This region may correspond to the dorsal-most speech articulator motor representation or may
subserve respiratory control, which requires the maintenance of subglottal pressure during
speech.

Bilateral activation of ventral primary somatosensory cortex (BA 1,2,3) was found for each
speaking condition relative to baseline, and the lateralization test did not find any differences
in activity between the two hemispheres. Activation in this area is expected during overt speech,
which involves the processing of tactile and proprioceptive feedback from vocal tract
articulators. The somatosensory representation of the speech articulators along the ventral
postcentral gyrus has been shown to mirror the precentral motor representations (see Guenther
et al., 2006, for a review).
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SMA and preSMA

Cerebellum

The SMA and preSMA have been implicated in the initiation and/or sequencing of motor acts
in a number of neuroimaging and electrophysiological experiments. Electrical stimulation
mapping of the somatotopic organization of SMA has shown the head and face areas to be
represented in the anterior region (Fried et al., 1991); vocalization and speech arrest or slowing
of speech are evoked with electrical stimulation to the preSMA anterior to the SMA face
representation.

In the current study, SMA and preSMA activations were found for each speaking condition
compared to baseline, and the laterality test did not reveal any significant difference between
the hemispheres. There was also greater activity bilaterally in preSMA when the bisyllabic
condition was compared with the monosyllabic conditions, similar to the findings of Lotze et
al. (2000). The latter result makes sense when one considers the increased sequencing load for
a bisyllabic utterance compared with a monosyllable. In a recent study of syllable sequence
production, Bohland and Guenther (2006) found that increased complexity of a syllable
sequence (e.g., “ta-ki-su” vs. “ta-ta-ta”) led to greater activity in preSMA, as did increased
complexity of the syllables within a sequence (e.g., “stra” vs. “ta”). However, both Riecker,
Ackermann, Wildgruber, Meyer, et al. (2000) and Soros et al. (2006) reported no increase in
the SMA or preSMA as a consequence of increased complexity of the utterance. These studies
used a task paradigm in which each of the task conditions was repeated several times in a
sequence. The preSMA has been implicated in preparatory activities related to movement
execution (Lee, Chang, & Roh, 1999). Therefore, repetitive tasks that require preparation only
on the first trial may show no differences in this region between the different task conditions.

Based on their fMRI study, Alario, Chainay, Lehericy, & Cohen (2006) suggest that preSMA
is used for word selection, whereas SMA is primarily used for motor execution. They also
report a subdivision within the preSMA, with the anterior part more involved with lexical
selection and the posterior part involved with sequence encoding and execution. It is in the
more posterior “sequence encoding” region of the preSMA where increased activation with
increased syllabic content is seen in the current study, in keeping with the Alario et al.
(2006) proposal. In summary, the current study adds further support to the view that SMA is
more involved in the execution of speech output, whereas the preSMA is more involved in the
process of sequencing syllables and phonemes.

Comparing production of nonsense monosyllables to the baseline visual condition revealed
activations in three distinct regions of the cerebellar cortex: (a) a superior, anterior vermal/
paravermal region (lobules IV and V), (b) a region in lobule VI and Crus I bilaterally that lies
behind the primary fissure in the intermediate portion of the cerebellar hemisphere (lateral and
posterior to the lobule IV and V activations), and (c) a region in the anterior portion of lobule
VI bilaterally near the border between the intermediate and lateral portions of the inferior
cerebellar hemisphere. The superior vermal/paravermal cerebellar cortex has been implicated
in previous lesion studies of ataxic dysarthria (e.g., Ackermann, Vogel, Petersen, & Poremba,
1992; Urban et al., 2003).

The ROI results also support Hypothesis 2—that the cerebellum should be more active for CV
productions compared with vowel productions. The results of the contrast comparing CV
utterances with vowel productions showed greater activity in the anterior medial portion of the
right superior cerebellar hemisphere; no increases were found in the cerebral cortex. According
to the DIVA model (Guenther et al., 2006), this region of the cerebellum encodes feedforward
motor commands for producing syllables and phonemes. The model is thus compatible with
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the finding of more cerebellar activity in the CV condition compared with the vowel (V)
condition.

Bohland and Guenther (2006) reported increased activity in right inferior cerebellum in
response to increased complexity of sequences. In this study, we did not observe an increase
in this region when comparing the bisyllable utterances to the monosyllable utterances; the
only increase was observed in the superior cerebellar cortex. The task in the Bohland and
Guenther (2006) study involved a delayed response and therefore a working memory
component. Other verbal working memory tasks (Chen & Desmond, 2005; Kirschen, Chen,
Schraedley-Desmond, & Desmond, 2005) have also reported activity in the right inferior
cerebellum. The lack of a working memory component in the present study may account for
the lack of an increase in right inferior cerebellar activity for bisyllables compared with
monosyllables.

Primary and Higher Order Auditory Cortices

Insula

Activation of auditory cortex during speech is widely thought to reflect hearing one’s own
voice during speech and possibly is compared to auditory goals for the speech sounds being
produced (Guenther et al., 2006). Higher-order auditory regions such as the dorsal bank of the
posterior superior temporal sulcus have been shown to be selective to voice, compared with
environmental and nonvocal sounds (Belin, Zatorre, Lafaille, Ahad, & Pike, 2000). Regions
that are active during both the perception and production of speech include planum temporale,
posterior superior temporal gyrus, and posterior superior temporal sulcus (e.g., Buchsbaum,
Hickok, & Humphries, 2001; Hickok & Poeppel, 2000); these regions have been hypothesized
to include auditory error cells that code the difference between the expected auditory signal
and the actual sensory input for feedback control of speech (Guenther et al., 2006).

We found bilateral activation of a wide range of auditory cortical areas when comparing
monosyllable production to the visual baseline. These areas included the primary auditory
cortex (Heschl’s gyrus) as well as higher-order auditory cortical areas. Right-lateralized
activity found in planum polare and anterior superior temporal sulcus may reflect processing
of pitch information (Zatorre, Evans, Meyer, & Gjedde, 1992), whereas the activity in posterior
dorsal superior temporal sulcus may be related to monitoring of auditory feedback (Tourville,
Reilly, & Guenther, 2008). No differences were noted in these regions across the V and CV
conditions. Additional activity in these regions when comparing bisyllables to monosyllables
likely reflects the longer sound duration. Overall, these results are consistent with the available
literature while providing more anatomical specificity concerning the locations of auditory
activations during speech production.

In the current study, we observed bilateral activation of both the anterior and posterior insula
during monosyllable production. There were no significant differences in insular activity
among the three speaking conditions. Although the bulk of the literature concerning insula and
speech production focuses on left anterior insula, bilateral activation has been found during
simple speech tasks in both anterior (e.g., Bohland & Guenther, 2006) and posterior insula
(e.g., Soros et al., 2006).

Soros et al. (2006), Lotze et al. (2000), and Riecker, Ackermann, Wildgruber, Meyer, et al.
(2000) did not observe activation in the anterior insula when speaking was compared to their
respective baseline tasks. Soros et al. (2006) suggest that the repetitive nature of their task may
be responsible for the lack of insula activation, whereas studies that involve more stimulus
variation such as the current study show anterior insular activation (e.g., Bohland & Guenther
2006; Wise, Greene, Buchel, & Scott, 1999). This suggestion is supported by Nota and Honda
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(2003), who demonstrated activation of the anterior insula when participants were prompted
to produce a series of nonrepeating syllable sequences but not when the same sequence was
repeated continually. The lack of anterior insula activation during tasks that instruct
participants to repeat the particular syllable with metronome-like timing (Lotze et al., 2000;
Riecker, Ackermann, Wildgruber, Meyer, et al., 2000) thus appears to be related to the
repetitive nature of the tasks. On the basis of lesion studies (Dronkers, 1996; Hillis et al.,
2004) and fMRI studies (Bohland & Guenther, 2006), it has been suggested that this region
may play a role in sequencing or initiation of speech. The current study paradigm cannot
explicitly test these claims, and it is difficult to assign functional contributions to insular cortex
activations found in the current study at this time.

Basal Ganglia and Thalamus

Although the precise functional contributions of the basal ganglia and thalamus in speech motor
control are still debated, it is well-established that damage to these regions is associated with
several disturbances in speech. Damage to the putamen and caudate of the basal ganglia can
result in inaccuracies in articulation (Pickett, Kuniholm, Protopapas, Friedman, & Lieberman,
1998)—for example, during a switch from one articulatory gesture to another. The basal
ganglia and thalamus form components of multiple parallel cortico-striato-thalamo-cortical
loops (Alexander, Crutcher, & DelLong, 1990; Alexander, DeLong, & Strick, 1986). One such
loop, known to be involved with motor control, includes the SMA, the putamen, the pallidum,
and the ventrolateral thalamus (Alexander et al., 1986). Electrical stimulation studies (for a
review, see Johnson & Ojemann, 2000) have suggested involvement of the left ventrolateral
thalamus in the motor control of speech, including respiration. The present study shows this
entire loop to be activated for the production of monosyllables compared to baseline. The
comparison of bisyllabic utterances to monosyllables also showed bilateral increases in
activation in putamen and pallidum but did not show any significant increase in activation in
the thalamus.

Computational models (Redgrave, Prescott, & Gurney, 1999; Prescott, Gonzélez, Gurney,
Humphries, & Redgrave, 2006) have suggested that the functional role of the basal ganglia is
to select and enable the execution of a particular action from a set of competing alternatives.
This s particularly relevant during speech production, which involves selecting and sequencing
appropriate smaller units (phonemes, syllables) to form larger constructs (words, phrases,
sentences). The activation of the “motor loop” of Alexander et al. (1986) in the present study
involving extremely simple speech utterances indicates that this circuit is used at relatively low
levels in speech motor control.

Methodological Concerns

Summary

Although the model-based hypotheses were successfully tested, there are possible

methodological issues that can be addressed better in future work. First, despite careful attempts
to remove any semantic component to our task, there is always the possibility that a nonsense
syllable stimulus will invoke some semantic activity in the brain, considering that all syllables
occur in words. Second, sparse clustered acquisition coupled with the lack of audio recordings
necessitated the use of a FIR basis function for the data analyses. In future work, participant-
specific hemodynamic response functions may be used to generate a better model.

The results of the experiment presented here demonstrate that a large network of cortical and
subcortical regions interacts to produce even the simplest verbal output. This experiment adds
detailed data to the scant imaging literature concerning the production of phonetically simple
sounds. The results showed that simple pseudoword utterances, in the form of vowels and
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monosyllables, generate left-lateralized responses in premotor cortex and posterior inferior
frontal gyrus, with bilateral activation in other areas involved in speech motor control. This
supports the DIVA model prediction that a speech sound map in the left inferior frontal region
represents the lowest level of the speech production process, which is highly left lateralized.
Contrasting bisyllables with monosyllables revealed increased activity in several areas that
were part of the same network used for monosyllables. Finally, additional activation in the
cerebellum was observed when comparing CV syllables to vowels. This may reflect the stricter
timing requirements for consonant utterances compared with vowel utterances. These findings
are consistent with several neuroanatomical/functional proposals embodied by the DIVA
model of speech production (Guenther et al., 2006).
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Figure 1.

Event-triggered paradigm used for this study. The stimulus presentation and fMRI volume
acquisition timeline are shown in the figure. Each trial consisted of presenting the stimulus,
waiting for a short period of time for the hemodynamic response (schematized by the light
shaded curve) to increase and then acquiring two whole-brain image volumes (Vol 1, Vol 2)
over a 6-s time period beginning 4 s after stimulus onset. This range was chosen to cover the
peak of the response.
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Figure 2.

Data processing stream for fMRI data analysis. The data acquired from the scanner are
converted to Analyze format and preprocessed (realignment, coregistration, normalization and
smoothing) using the SPM toolbox. Two pipelines are started in the normalization process,
one involving full (nonlinear) normalization and another involving affine normalization. The
full normalized images are smoothed using a 12-mm FWHM Gaussian kernel and then used
for fixed effects and mixed effects analysis using the SPM toolbox. The affine normalized
images are masked with ROl masks generated using ASAP (A Segmentation and Parcellation
Toolbox for Matlab) and FreeSurfer and analyzed separately using an ROI analysis toolbox.
The results from each stream are then compared to ensure consistency between the two methods
for the major contrasts.
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Monosyliables > Baseline

Figure 3.

Comparison of speaking a single monosyllable to the baseline visual condition, standard SPM
results. Color indicates the effect size (% signal change of the global mean) from the mixed
effects analysis using the SPM toolbox corrected for multiple comparisons using an FDR of
0.05. On the inflated cortical surfaces, the dark gray corresponds to sulci and the light gray
corresponds to gyri, while black represents non-cortical regions. The left panel shows coronal
slices covering the extent of activation in the cerebellum while the bottom panel shows coronal
slices covering the extent of activation in the basal ganglia and thalamus. Y-values refer to
planes in MNI-space. The color scale is common to all renderings.
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Figure 4.

Comparison of speaking a single monosyllable to the baseline visual condition, ROI analysis.
Color indicates the effect size (% signal change of the global mean) from the mixed effects
ROI analysis corrected for multiple comparisons using an FDR of 0.05. Areas in red are
significantly more active in the monosyllable condition and those in blue are more active in
the baseline visual condition. See the caption accompanying Table 4 for a description of the
ROI abbreviations.
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Bisyllables > Monosyllables

Figure 5.

Comparison of bisyllabic utterances to monosyllabic utterances, standard SPM analysis. The
regions showing increased activity bilaterally for bisyllables are SMA, the superior cerebellum,
superior parietal cortex, extra-striate cortex and superior temporal gyrus. Significant activity
in the inferior frontal gyrus and motor cortex was found only in the left hemisphere. The data
shown here reflects the effect size (% signal change of the global mean) from the standard SPM
mixed effects analysis corrected for multiple comparisons using an FDR of 0.05. Coronal slices
of the cerebellum covering the extent of activation are shown in the left panel. The bottom
panel shows activation in the basal ganglia.
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Summary of single pseudoword reading studies.

Table 1

Page 23

Study

Imaging modality

Production type

Petersen et al. (1990)
Herbster et al. (1997)
Rumsey et al. (1997)
Brunswick et al. (1999)

Fiez et al. (1999)

Hagoort et al. (1999)
Mechelli et al. (2000)
Riecker, Ackermann, Wildgruber, Meyer, et al. (2000)
Tagamets et al. (2000)

Lotze et al. (2000)

Mechelli et al. (2003)

Alario et al. (2006)

Soros et al. (2006)

Bohland and Guenther (2006)

PET
PET
PET
PET
PET
PET
PET, fMRI
fMRI
PET
fMRI
PET
fMRI
fMRI
fMRI

Covert
Overt
Overt
Overt
Overt

Covert

Covert
Overt

Covert
Overt

Covert
Overt
Overt

Overt
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Table 2

Stimuli used in this experiment.

Stimulus type

Examples

Vowels
CV syllables

Bisyllables

aa as in bat, ah (hot), ay (hay), ee (beet), eh (bet), ih (bit), o (go), oo (boot), uh (but)

baa, beh, bih, daa, dee, deh, dih, gaa, gah, geh, gih, guh, kaa, kah, kih, ko, kuh, pah, peh, po, puh, raa, rah, ree, reh,
rih, ro, roo, ruh, taa, tay, tih, tuh

bihko, pokeh, baateh, behbaa, behpah, behpeh, bihgih, daabeh, deebeh, deetah, dehdaa, dehdeh, dehpih, dihbuh,
dihgah, dihpaa, dihtih, gaabih, gaakuh, gaapuh, gahpaa, gihteh, guhgih, kaadee, kahkaa, kaypah, kihbaa, kihpuh,
kuhtih, pihdih, puhbih, puhgah, tahbaa, tahdee, tehpuh, tuhpaa, tuhpeh
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Table 4
Results from the ROI analysis for the contrasts of interest.
Monosyllables > Baseline Bisyllable > Monosyllable
FDR =0.05 FDR = 0.05
Region L R L R
Frontal Lobe
vPMC 1.20+0.54 0.43+0.28
IFo 1.03+0.32 0.62+0.43
IFt 0.51+0.19
vMC 3.21+0.89 2.51+0.94 0.42+0.23 0.42+0.22
dMC 0.79+0.29 0.63+0.37
preSMA 1.11+0.52 1.18+0.38 0.49+0.23 0.55+0.26
SMA 0.62+0.37 0.71+0.16
FO 1.03+0.42 0.68+0.33
aCo 1.34+0.71 1.04+0.54
pCO 2.13+0.75 1.36+0.37
PO 0.91+0.36 0.41+0.27
alNS 0.94+0.35 0.52+0.21
pINS 0.77+0.43 0.48+0.31 —0.20+0.13
aCG —0.23+0.12
pCG —0.32+0.19 —0.32+0.17
aMFg —0.45+0.19
pMFg —0.40+0.29
FMC —0.54+0.34
FP —0.34£0.22 —0.56+0.29 —0.35+0.16 —0.34+0.11
Temporal Lobe
PP 0.90+0.64
Hg 1.85+0.57 1.95+0.50 0.73+0.28 0.73+0.29
PT 1.31+0.64 1.42+0.43 0.83+0.30 0.59+0.24
aSTg 0.96+0.68 0.65+0.22 0.49+0.16
pSTg 0.79+0.61 1.13+0.53 0.79+0.32 0.53+0.28
pdSTs 0.66+0.32 0.38+0.26
ITO 0.48+0.30 0.36+0.22
adsTs —0.45+0.31
avSTs —0.50+0.37 —0.67+0.39 —0.32+0.17
pvSTs —0.36+0.25 —0.27+0.12
aMTg —0.56+0.30
pMTg —0.27+0.13
MTO —0.44+0.29
TOF 0.46+0.27
pTF —0.30£0.12 0.32+0.21
Parietal Lobe
vSC 1.70+0.48 1.88+0.44
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Monosyllables > Baseline Bisyllable > Monosyllable
FDR =0.05 FDR =0.05
Region L R L R
SPL 0.38+0.24
pSMg —0.46+0.25 —0.51+0.31
Ag —0.90+0.29 -1.01+0.21 —0.65+0.26
PCN —0.34+0.24 —0.49+0.23 —0.45+0.18 -0.2610.15

Subcortical structures

amCB 0.92+0.67 0.82+0.51

splCB 0.32+0.25 0.48+0.30 0.27+0.17

spmCB 0.76+0.39 0.85+0.38 0.44+0.21 0.55+0.27
Pal 0.91+0.14 0.62+0.18 0.31+0.14 0.28+0.17
Put 0.93£0.25 0.58+0.28 0.29+0.19 0.26+0.16
Tha 1.23+0.67 0.85+0.25

Note. For each contrast, the effect sizes (% signal change of the global mean) of significantly active regions are shown together with their corresponding
95% confidence intervals (effect size + confidence interval). Abbreviations: Ventral premotor cortex (vPMC), posterior dorsal premotor cortex (pdPMC),
inferior frontal gyrus pars opercularis (1Fo), inferior frontal gyrus pars triangularis (IFt), ventral motor cortex (vMC), dorsal motor cortex (dMC),
presupplementary motor area (preSMA), supplementary motor area (SMA), frontal operculum (FO), anterior and posterior central operculum (aCO, pCO),
parietal operculum (PO), anterior and posterior insula (aINS, pINS), anterior and posterior cingulate gyrus (aCG, pCG), anterior and posterior middle
frontal gyrus (aMFg, pMFg), frontal medial cortex (FMC), frontal pole (FP), ventral and dorsal somatosensory cortex (vSC, dSC), superior parietal lobule
(SPL), posterior supramarginal gyrus (pSMg), angular gyrus (Ag), precuneus (PCN), planum polare (PP), Heschl’s gyrus (Hg), planum temporale (PT),
anterior and posterior superior temporal gyrus (aSTg, pSTg), anterior and posterior dorsal superior temporal sulcus (adSTs, pdSTs), anterior and posterior
ventral superior temporal sulcus (avSTs, pvSTs), inferior temporal occipital junction (ITO), anterior and posterior middle temporal gyrus (aMTg, pMTg),
middle temporal occipital junction (MTO), temporal occipital fusiform gyrus (TOF), posterior temporal fusiform gyrus (pTF), anterior medial and lateral
cerebellum (amCB, alCB), superior posterior medial and lateral cerebellum (spmCB, spICB), inferior posterior medial cerebellum (ipmCB), palladum
(Pal), putamen (Put) and thalamus (Tha).
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Appendix
Lateralization test.

A nonparametric method based on bootstrapping (Efron, 1979) was used to test for lateralized effect sizes in a given ROI R for a given contrast comparing
stimulus conditions A and B. The method consists of five steps; details are provided below.

Step 1: Calculate Distribution for Difference Between Conditions A and B in Each Hemisphere

For a given experimental run, data from condition A trials for each voxel in a given ROI (R) in the left hemisphere are represented in a matrix (M,),
with rows indexing the voxels in the ROI and columns indexing the trials corresponding to condition A in the given run. A vector (vecA) of the average
activity for each voxel in the ROl is created by averaging across the columns of M. The same is done for condition B, providing a pair of vectors
(vecA and vecB) that represent the average activity for each voxel in ROI R in the left hemisphere in the two conditions. The difference between the
activation in the two groups is then estimated by resampling from the voxel data vectors with replacement. A random voxel from vecA and another
random voxel from vecB are selected, and the difference in their mean activations is recorded. This is repeated 5,000 times to generate a distribution
with 5,000 samples that represents the difference in activity between condition A and condition B ([A-B], .¢,) in the left hemisphere ROI. The same is
done for the corresponding ROI in the right hemisphere giving [A-B]gigp-

Step 2: Calculate Distribution for Difference Between the Two Hemispheres

A second resampling is then performed to estimate hemispheric differences. A random sample from [A-B] ¢ (Sier) and [A-Blgignt (Sgigne) iS chosen,
and the difference between the two samples is recorded (e.g., if we are testing left > right, we compute S, ¢; — Sgigne)- This is repeated 5,000 times to
generate a distribution with 5,000 samples that represents the difference in activity between the two hemispheres for a single experimental run. This is
done for each run, giving up to three distributions for a given subject.

Step 3: Calculate Distribution for Average Lateralization Across Runs for the Participant

A third resampling procedure is then performed to determine laterality effects for each participant. A random sample from each of the distributions
representing the interhemispheric differences in each run for a given participant is chosen (Sy, S,, up to S; depending on the number of runs), and the
mean of the samples is recorded. The sampling procedure is repeated 5,000 times to generate a distribution with 5,000 samples that represents the average
lateralization effect for a single participant. This is done for every participant.

Step 4: Calculate Distribution for Average Lateralization Across Subjects
A random selection from each participant’s average lateralization effect distribution is then chosen, and the mean of these samples is recorded. This is
repeated 5,000 times to generate a distribution with 5,000 samples that represents the average lateralization for the group.

Step 5. Calculate the Statistics for the Average Group Lateralization

Because specific hypotheses about the direction of lateralization were made, statistical testing for hemispheric differences consisted of computing the
90% confidence interval of the final distribution (average lateralization for the group). A 95% confidence interval would be used if one did not predict
the direction of the lateralization a priori. The numerical limits of this confidence interval determine the statistical significance. If the limits span zero,
then the null hypothesis cannot be rejected.
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