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Perceptual Systems Controlling Speech Production
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It is proposed that the acquisition and maintenance of fluent speech depend on the rapid temporal integration of motor feedforward and
polysensory (auditory and somatosensory) feedback signals. In a functional magnetic resonance imaging study on 21 healthy right-
handed, English-speaking volunteers, we investigated activity within these motor and sensory pathways and their integration during
speech. Four motor conditions were studied: two speech conditions (propositional and nonpropositional speech) and two silent condi-
tions requiring repetitive movement of the principal articulators (jaw and tongue movements). The scanning technique was adapted to
minimize artifact associated with overt speech production. Our result indicates that this multimodal convergence occurs within the left
and right supratemporal planes (STPs), with peaks of activity at their posteromedial extents, in regions classically considered as unimo-
dal auditory association cortex. This cortical specialization contrasted sharply with the response of somatosensory association cortex
(SII), in which activity was suppressed during speech but not during the silent repetitive movement of the principal articulators. It was
also clearly distinct from the response of lateral auditory association cortex, which responded to auditory feedback alone, and from that
within a left lateralized ventrolateral temporal and inferior frontal system, which served lexical- and sentence-level language retrieval.
This response of cortical regions related to speech production is not predicted by the classical model of hierarchical cortical processing,
providing new insights into the role of the STP in polysensory integration and into the modulation of activity in SII during normal speech
production. These findings have novel implications for the acquisition and maintenance of fluent speech.
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Introduction
Fluent speech requires fine control of the muscles of respiration,
the larynx and the articulators. Their activity results in two mo-
dalities of feedback, auditory and somatosensory. During speech
acquisition, the heteromodal feedback trains the motor system to
generate sequences of sounds that match remembered auditory
templates of fluent speech (Doupe and Kuhl, 1999). Even when
trained, the system continues to match the anticipated with the
actual consequence of speech to maintain fluency. These con-
cepts are captured in the DIVA (Directions into Velocities of
Articulators) computational model (Guenther et al., 2006). Cor-
tical signals directed at bulbar and spinal motor neurons are cop-
ied to auditory and somatosensory “error maps.” Milliseconds
later, reafferent discharges arrive at auditory and somatosensory
“state maps.” Discrepancies between feedforward and feedback
signal result in adjustments of subsequent motor output until the
input to the error and state maps coincide.

Although the error and state maps in the DIVA model are
hypothetical constructs, they are envisaged to be instantiated as
neural structures, with the proposed location for the auditory
maps in the caudal supratemporal plane (STP) and for the so-

matosensory maps in anterior parietal cortex. The alternative is a
closer anatomical convergence. Studies on macaque monkeys
have demonstrated that the caudomedial (CM) auditory belt,
ventral to second-order somatosensory cortex (SII) in the pari-
etal operculum, receives both auditory and somatosensory affer-
ent projections (Smiley et al., 2007).

Previous human studies investigating sensory feedback asso-
ciated with speech have investigated auditory processing alone.
The usual finding is a relative suppression of activity within au-
ditory cortex (Curio et al., 2000; Houde et al., 2002). This pre-
sents an alternative hypothesis about the behavioral conse-
quences of an interaction between the expected and actual
encoded sensory consequences of an action: as a process that
differentiates between self-generated and externally generated
events rather than monitoring and controlling a self-initiated
action (Blakemore, 2003). It is possible that discrete neuronal
populations serve both these functions. Thus, recent single-cell
recordings in the nonhuman primate indicate that auditory neu-
rons demonstrating suppression of activity in response to self-
vocalizations remain sensitive to perturbations of the feedback
auditory signal (Eliades and Wang, 2008).

We have demonstrated previously that the lateral temporal
neocortex and the medial part of the planum temporale responds
during overt speech production relative to a silent baseline con-
dition (Blank et al., 2002). We (Wise et al., 2001) and others
(Buchsbaum et al., 2001, 2005; Hickok et al., 2003; Hickok and
Poeppel, 2007) have proposed that cortex at the caudal end of the
lateral sulcus, in or close to the planum temporale, is a “sensori-
motor interface” that supports speech production. In this func-
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tional magnetic resonance imaging (fMRI) study, we wanted to
characterize the functional response of this critical speech node in
response to auditory and somatosensory feedback generated by
the articulators. We addressed the specific hypothesis that “audi-
tory” cortex within the caudal STP may respond to both the
somatosensory and the auditory feedback associated with overt
speech. Therefore, the study was designed to investigate whether
there was a polymodal response within the STP that could be
dissociated from the response within the parietal operculum
(SII).

Materials and Methods
Participants and fMRI procedures. Twenty-one healthy, right-handed, na-
tive English speakers (eight females; median age, 26 years; range, 22–39
years) participated after giving informed written consent. Ethics ap-
proval was provided by the Hammersmith Hospital research ethics
committee.

MRI data were obtained on a Philips Intera 3.0 Tesla scanner using
dual gradients, a phased array head coil, and sensitivity encoding with an
undersampling factor of 2. A “sparse” fMRI design (Hall et al., 1999) was
used to minimize movement- and respiratory-related artifact associated
with speech studies (Gracco et al., 2005; Mehta et al., 2006). Tasks were
performed over 7 s while an appropriate visual stimulus was displayed.
The disappearance of that stimulus and the appearance of a fixation
crosshair signaled to the subject to cease the task. One second later, data
were acquired, followed by a further stimulus for the subject to com-
mence an additional period of task performance.

Functional MR images were obtained using a T2*-weighted, gradient-
echo, echoplanar imaging (EPI) sequence with whole-brain coverage
(repetition time, 10.0 s; acquisition time, 2.0 s; echo time, 30 ms; flip
angle, 90°). Thirty-two axial slices with a slice thickness of 3.25 mm and
an interslice gap of 0.75 mm were acquired in ascending order (resolu-
tion, 2.19 � 2.19 � 4.0 mm; field of view, 280 � 224 � 128 mm).
Quadratic shim gradients were used to correct for magnetic field inho-
mogeneities within the anatomy of interest. T1-weighted whole-brain
structural images were obtained in all subjects.

Stimuli were presented using E-Prime software (Psychology Software
Tools) run on an IFIS-SA system (In Vivo Corporation).

fMRI paradigm design. There were four active conditions: two overt
speech conditions, propositional speech (“speech”) and counting aloud
(“count”), and two silent conditions involving nonspeech movements of
the principal articulators, jaw movements (“jaw”) and tongue move-
ments (“tongue”). “Rest” was included as the nonmovement baseline
condition. Trial onset was signaled by simple two-word written instruc-
tions displayed on a screen in front of the subject.

During speech trials, subjects were required to define simple, high-
frequency nouns (e.g., “car”) selected from the Medical Research Coun-
cil psycholinguistic database (Wilson, 1988). During count trials, sub-
jects were required to count upward from one at a rate of approximately
one number per second. In jaw trials, subjects were required to repeti-
tively open and close their jaw, with their tongues resting in a neutral
position at the floor of the mouth. During tongue trials, subjects were
required to repetitively move the tongue from the floor of the mouth to
the upper alveolar ridge of the hard palate and back, while keeping the
jaw still. Specific instruction was given as to the exact movement re-
quired, which was practiced outside the scanner before starting the study.
The subjects were trained to produce one movement per second.

During rest trials, subjects were instructed not to move their jaw or
tongue, while breathing normally. Auditory output was recorded using
an MR-compatible microphone attached to ear-defending headphones
(MR Confon) to assess task performance in all conditions.

Trials were presented in pseudoblocks, each trial type being repeated
twice before switching. There were two runs, each of 75 volumes, sepa-
rated by acquisition of a high-resolution T1-weighted structural scan.
The sequence in which trials occurred was different in each of the two
runs, and the order of runs were randomized between subjects.

fMRI data analysis. Data was analyzed using SPM5 software (http://
www.fil.ion.ucl.ac.uk/spm). Functional scans were initially realigned to

the first scan of the run, removing the effects of head movement between
scans. The high-resolution T1-structural image was skull stripped using
the brain extraction tool within MRIcro software (Smith, 2002) to re-
move non-brain matter and improve automatic segmentation to gray
and white matter, before being coregistered to the mean functional im-
age. The EPI images were then normalized into Montreal Neurological
Institute (MNI) standard stereotactic space using parameters from seg-
mentation of the T1-structural image. Smoothing of the normalized EPI
images was performed using a 8 mm full-width at half-maximum Gauss-
ian filter.

The initial analysis of the data were at the individual subject level,
when individual design matrices were created, modeling each of the five
experimental conditions. The movement parameters derived from the
realignment stage were incorporated as nuisance variables. Contrast im-
ages were produced from these individual analyses for contrasts of inter-
est, and these were used in the second-level, random-effects analysis.

For all contrasts of interest, the threshold for significance was set at p �
0.01 (except when stated otherwise), adjusted for multiple comparisons
using the false discovery rate (FDR) correction (Genovese et al., 2002),
with a cluster extent threshold of 10 voxels. Voxels that were common to
two or more contrasts were determined by “inclusive masking,” using
this same threshold when generating both the masking and reference
contrasts. Region-of-interest (ROI) analysis was performed within the
MarsBar toolbox of SPM5 (Brett et al., 2003), by producing spherical
ROIs (4 mm radius) centered around functionally defined peaks of ac-
tivity. The mean effect size in each of the active task conditions against
rest was determined for each functionally defined ROI. These data were
available for additional statistical analysis within SPSS.

The anatomical location of peaks of activity within premotor, motor,
auditory, somatosensory, and cerebellar cortex was determined by refer-
ring to the Anatomical Toolbox (Eickhoff et al., 2005, 2006) in SPM5.
The x, y, and z coordinates relate to the standard stereotactic space from
MNI.

Results
Rates of speech production
During speech, the mean rate of syllable production was 19 syl-
lables/7 s epoch (range, 5–35 syllables), and, during count, the
rate was 13 syllables/7 s epoch (range, 6 –26 syllables). The sub-
jects had been pretrained to produce movements at �7 sylla-
bles/7 s epoch during jaw and tongue.

Activity common to jaw, tongue, count, and speech
The distribution of common activity for all conditions (jaw,
tongue, count, and speech), each relative to the rest condition, is
illustrated in Figures 1 and 2. Each condition was separately con-
trasted with rest, and voxels common to all four contrasts were
identified. Peaks and subpeaks of activity were located in the
premotor [medial and lateral, Brodmann area (BA) 6], motor
(BA 4), and somatosensory (BA 3) cortex of both hemispheres.
The cerebellar peaks were located in left and right lobule VI
(Schmahmann et al., 1999). The activated regions are summa-
rized in the legend to Figure 1.

A number of studies (Wise et al., 1999; Carreiras et al., 2006;
Riecker et al., 2006) have emphasized that the rate of single sylla-
ble or single word production influences activity in a number of
speech-related neural structures. In the present study, the rates of
articulatory movements across conditions were ranked: speech �
count � jaw � tongue. Thus, the rate of articulatory movements
and the linguistic and semantic complexity of the task were not
orthogonal, and so an analysis based on correlating blood oxy-
genation level-dependent signal with rate was not appropriate for
this study. Nevertheless, the confound of rate of production was
taken into account when interpreting the results of contrasts be-
tween conditions.

We emphasize two novel findings. First, there was common
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bilateral activity distributed along the length of the STP, normally
considered to be unimodal auditory cortex, despite the jaw and
tongue conditions being silent. The main peaks on the left and
right were situated lateral and immediately anterior to primary
auditory cortex. More caudal subpeaks were located over the
most medial part of left and right planum temporale. However,
activity spread from the fundus of each lateral sulcus [the location
of somatosensory retroinsular cortex (Ri) in the nonhuman pri-
mate], across the mediolateral extent of the planum temporale,
and along the STP to the planum polare, rostral to primary audi-
tory cortex. Second, despite activity in bilateral primary sensori-
motor cortex in all four conditions (confirmed by mapping the
coordinates of the peaks of activity within the SPM5 Anatomical
Toolbox), there was an absence of evidence for activity in the SII
of either the left or right parietal operculum, although all four
conditions will have generated somatosensory feedback.

Activity common to count and speech relative to jaw
and tongue
The distribution of common activity for the count and speech
conditions, relative to the jaw and tongue conditions, is illus-
trated in Figures 1 and 2 and summarized in the legend to Figure
1. Count and speech were separately contrasted with (jaw �
tongue), and voxels common to each contrast were identified.
The main finding was symmetrically distributed activity in the
left and right superior temporal gyri (STG), centered on its lateral
surface. In the nonhuman primate brain, this region is where

lateral belt areas merge with parabelt cor-
tex. Neurons here respond most strongly
to complex sounds, including conspecific
vocalizations (Rauschecker and Tian,
2000). There was little or no response to
the silent jaw and tongue conditions rela-
tive to rest (Fig. 2).

The count and speech conditions en-
gaged laryngeal motor control and speech-
related cortical control of breathing
(Draper et al., 1959). In contrast, the
metabolically determined respiratory
cycle are mostly uninterrupted by jaw
and tongue, and these conditions did not
involve control of the vocal folds. The
common primary sensorimotor activity
for count and speech relative to jaw and
tongue was located close to that previ-
ously described for speech production
(Murphy et al., 1997). Tongue move-
ments are necessarily associated with fix-
ation of the mandible, into which the
tongue is inserted, and so the contrast of
the tongue with the jaw conditions best
localized the sensorimotor somatotopy
for the tongue (Fig. 1). The reverse con-
trast of the jaw and tongue conditions
did generate activations within primary
sensorimotor cortex, despite jaw fixa-
tion during tongue movements, a little
medial and dorsal to that for the tongue
(data not illustrated). These movement-
specific sensorimotor peaks were embed-
ded within a much larger and overlapping
activation of bilateral sensorimotor cortex
evoked by all four conditions.

Activity common to jaw and tongue relative to count
and speech
Figure 3 demonstrates a symmetrical peri-Sylvian distribution
of activity that was common to the jaw and tongue conditions
and greater than that associated with the count and speech
conditions. Jaw and tongue were separately contrasted with
(count � speech), and voxels common to each contrast were
identified. Separate clusters of activity were observed in the
left and right parietal operculum. In addition, there was activ-
ity, symmetrically distributed between the hemispheres, in
ventral lateral premotor cortex (BA 6), the operculum imme-
diately ventral to the central sulcus and the adjacent insular
cortex. The cluster within each parietal operculum lay pre-
dominantly within human homolog of monkey SII, within the
region labeled OP1 (Eickhoff et al., 2006), but extending dor-
sally into the postcentral gyrus or sulcus. Although activity
during the count condition was no different from the rest
condition in either parietal operculum, activity was signifi-
cantly less during the speech condition relative to rest (left:
one-sample t test, t(20) � �3.9, p � 0.001; right: one-sample t
test, t(20) � �3.4, p � 0.01). Therefore, the somatosensory
feedback to SII during propositional speech appears to be sup-
pressed rather than there being just an attenuated response
relative to the other conditions that required movements of
the articulators.
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Figure 1. Statistical parametric maps. Sagittal (top), coronal (middle), and axial (bottom) views of the following analyses.
Precise localization of all activated areas is detailed in supplemental Table 1 (available at www.jneurosci.org as supplemental
material). A, A conjunction of activity of the speech, count, tongue, and jaw conditions, each contrasted with the rest condition.
There is a distributed network of bilateral motor activity, involving the medial premotor cortex, the SMA (1), the lateral premotor
and primary sensorimotor cortex (2), and cerebellum (3). In addition, there was common activity along the STP and involving the
medial and lateral aspects of the planum temporale, particularly evident on the axial view (4). B, A conjunction of activity of speech
and count contrasted separately with jaw and tongue. There is bilateral activity within lateral STG (5) lying in the region of auditory
parabelt and within motor cortex (6). C, The somatotopy of tongue movement (FDR, p � 0.05): a contrast of tongue against jaw,
demonstrating bilateral peaks (7) within primary motor cortex.
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Speech contrasted with count
This contrast of propositional with nonpropositional speech
demonstrated widely distributed medial and lateral activity, cor-
responding to the activity observed in our studies of narrative
speech production using positron emission tomography (PET)
(Blank et al., 2002; Awad et al., 2007). The lateral neocortical
activity is described here and is illustrated in Figure 2.

There were three features of note. The first was that activity
associated with the speech condition alone spread into ventral left
lateral temporal neocortex, and this extended in both caudal and
rostral directions, including widespread activity throughout the
extensive area 37 of Brodmann (that encompasses the caudal
middle temporal, inferior temporal, and fusiform gyri). The sec-
ond was that activity specific to the speech condition was ob-
served in the left inferior frontal gyrus. The main peak was within
the rostral part of Broca’s area (BA 45), but there were widely

distributed subpeaks in caudal Broca’s area (BA 44), the lateral
orbitofrontal cortex just ventral to Broca’s area, and the rostral
insula. This activity was associated with activity in midline (lob-
ule IV–V) and lateral right (Crus 1) cerebellum.

The third feature was that activity in the left inferior frontal
gyrus appeared to be strongly left lateralized, in contrast to the
symmetrically distributed activity within the STP and lateral
STG. The left lateralization was confirmed by formal analysis.
Data were extracted from an ROI centered on peak activity in the
left BA 45 and the mirror voxel on the right (MNI coordinates:
x � �52 and 52, y � 26, z � 18). The mean effect sizes for the
count and speech conditions, relative to the rest condition, were
entered into a 2 (hemisphere) � 2 (condition) ANOVA. There
was a weak main effect of hemisphere (F(1,20) � 6.4; p � 0.05) and
a strong main effect of condition (F(1,20) � 62.7; p � 0.001), with
a strong hemisphere � condition interaction (F(3,60) � 200.2; p �
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Figure 2. Three networks controlling speech production. A, Color-coded overlays of three separate analyses placed on sagittal T1-weighted brain slices taken from a single subject template.
Distance from the midline is indicated in millimeters. Top row, Left; bottom row, right. B, Plots of mean effect size, with 95% confidence intervals, from specific regions of peak activity. In red is the
conjunction of activity during the jaw, tongue, speech, and count conditions, each individually contrasted with the rest condition. In both cerebral hemispheres, common activity distributed along
primary sensorimotor cortex within the central sulcus is contiguous with activity along the STP. B1 shows the mean effect size at the peak of activity within the left and right medial planum
temporale. In blue is the conjunction of activity in the speech and count conditions contrasted separately with the jaw and tongue conditions. B2 shows the dissociation of activity between the overt
speech conditions and the silent conditions involving movements of the jaw and tongue. In yellow is the contrast of the speech and count conditions, demonstrating lateral neocortical activity during
propositional speech production. Activity was widely distributed along the length of the left STS, extending ventrally in the posterior left temporal lobe. Although there was bilateral activity, at the
statistical threshold used there was evident asymmetry, left �� right. Activity was also extensively distributed throughout the left inferior frontal gyrus, including all of Broca’s area. On the right,
there was a small focus of activity in the caudal right lateral orbitofrontal cortex. B3 shows the left lateralized response of the anterior inferior frontal gyrus to propositional speech. IFG, Inferior frontal
gyrus.
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0.001). Post hoc paired t tests on the within-condition differences
between the hemispheres demonstrated significance for both the
count (right � left, t(20) � 4.3; p � 0.001) and speech (left �
right, t(20) � 7.1; p � 0.001) conditions; that is, there was a rever-
sal of interhemispheric asymmetry between the two conditions,
with no between-condition difference in right BA 45 (t(20) � 1.4;
p � 0.1).

Figure 2 demonstrated that activity in right as well as left BA 37
was present, although apparently weaker on the right. A similar
analysis on ROI data from left and right BA 37 (MNI coordinates:
x � �44 and 44, y � �32, z � �20) demonstrated a weak main
effect of hemisphere (F(1,20) � 6.0; p � 0.05), a strong main effect
of condition (F(3,60) � 47.9; p � 0.001), and a weak hemisphere �
condition interaction (F(3,60) � 5.3; p � 0.05). Post hoc paired t
tests on the within-condition differences between the hemi-
spheres demonstrated no hemisphere asymmetry for the count
condition (t(20) � 1.5; p � 0.1) but an asymmetry for the speech
condition (left � right, t(20) � 2.8; p � 0.01). Although, as pre-
dicted from the analysis within SPM5, there was a strong
between-condition effect in the left hemisphere (speech � count,
t(20) � 11.5; p � 0.001), there was also a significant between-
condition effect in the right hemisphere (speech � count, t(20) �
3.0; p � 0.01). However, this was the result of suppression of
regional activity during the count condition relative to the rest

condition (one-sample t test, t(20) � 2.3;
p � 0.05), whereas regional activity during
the speech condition was no different from
the rest condition (one-sample t test, t(20)

�0.1; p � 0.9). These somewhat complex,
and regionally rather different, interac-
tions between activity during the count,
speech, and rest conditions, all indicate
that left, but not right, BA 45 and BA 37
responded to the speech condition.

Discussion
This fMRI study, using two overt speech
conditions and silent nonspeech move-
ments of two of the principal articulators,
identified four separate subsystems within
“unimodal” somatosensory and auditory
cortical areas and heteromodal temporal
cortex. The responses of these subsystems
across conditions indicated their roles in
the control of speech production. Three
were symmetrically distributed between
the hemispheres, in cortex adjacent to the
lateral (Sylvian) sulcus. One additional,
predominantly left-lateralized subsystem
was identified, distributed along the supe-
rior temporal sulcus (STS) and part of ven-
trolateral temporal cortex and extending
into the left inferior frontal gyrus.

Task-dependent propositional speech
production, nonpropositional speech
(counting), and movements associated
with speech production (the mandibular
cycle of jaw opening and closure and plac-
ing of the tongue tip on the upper alveolar
ridge) all activated, as expected, premotor
cortex (including the supplementary mo-
tor area), bilateral primary sensorimotor
cortex, and bilateral cerebellar regions
(Blank et al., 2002; Riecker et al., 2005;

Bohland and Guenther, 2006; Awad et al., 2007). Within motor
cortex, partial somatotopy was evident for the cortical control of
respiration and the larynx, and the tongue and jaw movements. A
notable feature was the absence of common activity within SII,
although all four tasks will have generated somatosensory feed-
back. Additional analysis demonstrated that, within SII, there
was a strong response to repetitive tongue and jaw movements. In
contrast, during counting, activity was no greater than during a
rest state, and, during propositional speech, activity within SII
was suppressed relative to rest. This same pattern of responses
was evident in mid-insular (dysgranular cortex). It is known that
the cortical motor area for the larynx in the monkey projects to
insular cortex (Simonyan and Jürgens, 2005). Furthermore, dys-
granular insular cortex connects directly with SII (Flynn et al.,
1999). It appears that dysgranular insular cortex forms part of the
distributed system monitoring articulatory movements, but, as in
SII, the response is suppressed during normal speech.

Within a sensory cortical area, the relative contributions of
feedforward predictive “corollary discharges” from motor re-
gions and feedback sensory discharges cannot be determined
with the temporal resolution afforded by fMRI. Nevertheless, the
response within SII indicated processing of the somatosensory
consequences of meaningless movements of the articulators, pro-
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cessing that appeared absent during normal speech. Although
these results do not exclude somatosensory self-monitoring dur-
ing speech by a minority of neurons within SII, with suppression
of activity in other neurons resulting in a null or negative re-
sponse relative to the rest state, the profile of activity across con-
ditions within SII contrasts sharply with that observed along the
left and right STP. Despite an absence of auditory feedback dur-
ing the nonspeech jaw and tongue movements, there was a com-
mon response to all four conditions. This activity encompassed
the caudal STP (the planum temporale in the human), reaching
medially to the depth of lateral sulcus, in which second-order
auditory association cortex abuts second-order somatosensory
cortex. The results from this study indicate that the STP responds
to both the auditory and somatosensory consequences of move-
ments of the articulators.

This observation is salient when interpreted in relation to the
recent anatomical studies in the nonhuman primate, investigat-
ing the corticocortical (Smiley et al., 2007) and thalamocortical
(Hackett et al., 2007) connections of the caudal STP. There are
direct projections from primary sensory cortex to Ri, located at
the fundus of the caudal lateral sulcus. Projections from Ri go to
the medial part of the caudal STP, the so-called CM belt area.
Area CM and the laterally adjacent caudolateral belt area are
strongly connected. The result from the present study also ac-
cords with other studies, in both nonhuman primates and hu-
mans, reporting somatosensory-evoked responses within audi-
tory cortex in response to sensory stimuli from the upper limb
(Foxe et al., 2000, 2002; Schroeder et al., 2001; Fu et al., 2003;
Kayser et al., 2005). Although these stimuli were externally gen-
erated, one study reported the effects on auditory neurons of
discharges generated by self-initiated limb movements, conse-
quent on trained responses to heard stimuli (Brosch et al., 2005).

A feature disconcordant with the recent nonhuman primate
literature on the location of polymodal responses within unimo-
dal auditory cortex is the extension of activity common across all
four conditions into more rostral STP. One possibility is that the
distribution of somatosensory afferents within the STP is more
extensive in the human. The alternative is that the activity in the
more rostral STP is driven predominantly by feedforward predic-
tive corollary discharges (Paus et al., 1996). The latter explanation
presupposes that movements of the articulators that are not in-
tended by the subject to produce sounds nevertheless automati-
cally generate corollary discharges to auditory cortex.

Specialization of the STP to bring into close anatomical prox-
imity speech-related auditory and somatosensory feedback serves
the purpose of closely matching the feedback signals in time.
Movements of the articulators are rapid, and precise matching of
sound and somatosensation in time will facilitate precision when
learning to position the articulators to generate accurate speech
sounds. One hypothesis is that a babbling infant activates both SII
and the STP, but, as skill in speech is acquired, activity in SII
becomes suppressed in favor of activity within the STP alone. A
shift back to speech-related activity within SII may occur in the
adult when learning a foreign language, speaking in the presence
of an electronic delay in auditory feedback (Hashimoto and Sa-
kai, 2003), and in a clinical setting, when lesions affecting the
motor execution of articulation result in dysarthria. These hy-
potheses about speech-related activation of SII can be readily
tested in future studies.

Recent single-cell recordings in nonhuman primates have
presented a complex picture of auditory feedback processing in
auditory cortex. The firing of many neurons in response to self-

vocalizations is suppressed, below baseline firing rates, in accor-
dance with the human research on relative suppression of audi-
tory cortical activity during speech. However, some of these
neurons also demonstrate increased sensitivity to experimentally
imposed perturbations of the auditory feedback experienced by
the monkey, indicating a role in self-monitoring (Eliades and
Wang, 2008). In the human, these neurons may concentrate over
the lateral aspect of the left and right STG, which in the present
study were areas that responded only when there was overt
speech. At this site in the nonhuman primate, in which lateral belt
cortex merges with parabelt cortex, neurons respond strongly to
environmentally complex sounds, including externally generated
conspecific vocalizations (Rauschecker and Tian, 2000). The re-
sponse during overt speech observed in the present study, and in
a previous PET study (Blank et al., 2002), indicates auditory pro-
cessing alone in response to the feedback discharges or to a com-
bination of feedback and corollary discharges.

It is probable that lexical retrieval corresponded to the activity
that was observed in the more ventral left temporal neocortex and
the inferior frontal gyrus (DeLeon et al., 2007). The demonstra-
tion that this signal was strongly left-lateralized accords with the
lesion literature in terms of the localization of lexical functions
during speech production. The activity throughout the caudal
middle temporal, inferior temporal, and fusiform gyri (BA 37)
was not observed in previous studies of speech production using
PET (Blank et al., 2002; Matsumoto et al., 2004; Awad et al.,
2007). Of the two factors, different scanning methodology and
task, it would seem most likely that it is the task-dependent re-
trieval of word meaning (this study) (Vandenberghe et al., 1996)
compared with free narrative speech during the recall of personal
memories (the PET studies) that accounts for this difference in
activity within left BA 37.

In conclusion, this study has provided new insight into the
functioning of the temporoparietal junction during self-initiated
speech production. The results accord with new evidence that
cross-modal auditory and somatosensory processing occurs early
in unimodal auditory association cortex. Previous studies pre-
dominantly investigated externally generated sensory experi-
ences, and somatosensory signal was most commonly generated
from the upper extremity. It can be conjectured that the simulta-
neous processing of the sounds and tactile sensations that accom-
pany manipulating objects with the forepaws, as practiced by
monkeys and apes, assists learned dexterity, which accords with
the demonstration that auditory cues contribute to the response
of mirror neurons (Kohler et al., 2002; Keysers et al., 2003). How-
ever, in the human, the acquisition and maintenance of fluent
speech, which relies on the processing of self-generated sensa-
tions arising from the articulators, is of paramount importance.
The results from the present study indicate that it is learning-
related plasticity within the STP with suppression of the process-
ing of feedback somatosensory information in the parietal oper-
culum that supports this skill. The response of the STP during
speech production was symmetrically distributed between the
cerebral hemispheres. However, there is a caveat. The symmetri-
cal physiological response cannot be used to infer symmetry of
processing. The lateralization of propositional speech-related ac-
tivity to higher-order lateral temporal and inferior frontal neo-
cortex may modulate the function of the left STP, which in turn
may result in asymmetrical processing of different components
of the feedforward and feedback signals generated during prop-
ositional speech (Wise et al., 1999; Matsumoto et al., 2004).
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