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Summary
Over time, both the functional and anatomical boundaries
of ‘Wernicke’s area’ have become so broad as to be
meaningless. We have re-analysed four functional
neuroimaging (PET) studies, three previously published
and one unpublished, to identify anatomically separable,
functional subsystems in the left superior temporal cortex
posterior to primary auditory cortex. From the results
we identified a posterior stream of auditory processing.
One part, directed along the supratemporal cortical plane,
responded to both non-speech and speech sounds,
including the sound of the speaker’s own voice. Activity
in its most posterior and medial part, at the junction with
the inferior parietal lobe, was linked to speech production
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Abbreviations: HG � Heschl’s gyrus; PT � planum temporale; rCBF � regional cerebral blood flow; SCN � signal
correlated noise; SPM99 � statistical parametric mapping software (1999 version); STG � superior temporal gyrus; STS �
superior temporal sulcus

Introduction
In the absence of clear definitions about either its functions
or its anatomical boundaries (Williams, 1995), ‘Wernicke’s
area’ has become a meaningless concept (Bogen and Bogen,
1976). In the model of single word processing by Lichtheim,
�100 years old but still the basis of the bedside assessment
of aphasic patients, Wernicke’s area, localized to the posterior
part of the left superior temporal gyrus (STG), stores the
encoded memories of familiar heard words, from which there
is access to both meaning and speech production (Lichtheim,
1885). In recent years, and depending on the publication,
Wernicke’s area may comprise: unimodal auditory association
cortex located in the left STG anterior to primary auditory
cortex in Heschl’s gyrus (HG), and responsible for the
phonetic analysis of speech (Demonet et al., 1992), or
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rather than perception. The second, more lateral and
ventral part lay in the posterior left superior temporal
sulcus, a region that responded to an external source of
speech. In addition, this region was activated by the recall
of lists of words during verbal fluency tasks. The results
are compatible with an hypothesis that the posterior
superior temporal cortex is specialized for processes
involved in the mimicry of sounds, including repetition,
the specific role of the posterior left superior temporal
sulcus being to transiently represent phonetic sequences,
whether heard or internally generated and rehearsed.
These processes are central to the acquisition of long-
term lexical memories of novel words.

heteromodal cortex, comprising three architectonic zones in
the left temporal and parietal lobes, where the output from
both heard and written word form (lexical) systems converge
(Mesulam, 1998). Other studies have made much of the
greater size of the left planum temporale (PT), lying between
HG and the ascending ramus of the posterior sylvian (lateral)
sulcus in the supratemporal cortical plane, compared with
the right (for review, see Shapleske et al., 1999) (Fig. 1).
Although the anatomical asymmetry has been attributed to
the dominance of the left hemisphere for language
(Geschwind and Galaburda, 1985) and the entire posterior
left supratemporal cortical plane is considered by some to
be the core of Wernicke’s area (Galaburda et al., 1978),
neither the speech-specific function of the left PT is
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Fig. 1 Depictions of the left superior temporal cortex in the
human and the macaque monkey, with the plane of the
supratemporal cortex (STP) and inside of the superior temporal
sulcus (STS) exposed. Human brain: HG � Heschl’s gyrus
(including primary auditory cortex); Tpt � supratemporal cortex
posterior to HG; PT � planum temporale, part of the
supratemporal cortical plane immediately posterior to HG
(Shapleske et al., 1999); Assoc � auditory association cortex
lateral and anterior to the previous three regions. Monkey brain:
C � core (primary auditory cortex); B � belt; PB � parabelt;
Assoc � auditory association cortex surrounding the previous
three regions.

established (Binder et al., 1996), nor is the claim for
anatomical asymmetry universally accepted (Westbury
et al., 1999).

In contrast, functional neuroimaging studies of speech
perception have drawn attention to the role of lateral auditory
projections in speech processing (Binder et al., 1996, 2000;
Belin et al., 2000). The authors of these studies concluded
that analysis of the complex acoustic features of the human
voice is dependent on neurons within the superior temporal
sulcus (STS), which separates the STG and middle temporal
gyrus (Fig. 1). In addition, they referred to microelectrode
studies in the auditory cortex of non-human primates. Core
auditory cortex in monkeys is organized cochleotopically,
with individual neurons responding maximally to a pure tone
of a particular frequency (Kosaki et al., 1997). It is only in
non-primary auditory areas, particularly the so-called parabelt
region, lateral to primary auditory cortex (Fig. 1) that
individual neurons have been shown to respond maximally
to complex sounds (Kosaki et al., 1997), including species-
specific vocalizations (Rauschecker et al., 1995). The
demonstration that voice perception is dependent on auditory
projections to the dorsal bank of the human STS fits well
with these observations.

However, it is becoming apparent that the anterior–
posterior axis of the temporal lobe is an equally important
anatomical dimension in auditory function (Rauschecker,
1998; Romanski et al., 1999; Kaas and Hackett, 1999). There
appear to be two streams of auditory processing in primates,
one directed anteriorly and the other posteriorly. In a human

imaging study that looked at the responses to speech and
complex non-speech sounds, heard at varying rates, we
demonstrated a speech-specific response in left and right
lateral STG, anterior to HG; however, in addition there was
a similar but asymmetrical response in the posterior left
lateral STG/STS (Mummery et al., 1999). In a further study
(Scott et al., 2000), which closely matched stimuli for
acoustic complexity, it was demonstrated that the anterior
left STS responded only to intelligible stimuli, whereas the
posterior left STS responded to the presence of auditory
phonetic cues, irrespective of the intelligibility of the stimuli.
Therefore, this study demonstrated a clear difference in the
responses of the anterior and posterior parts of the left STS.

The anterior and posterior parts of the superior temporal
cortex have very different anatomical connections. Whereas
the anterior STS in non-human primates projects widely to
high order, amodal association cortex (Jones and Powell,
1970), the posterior superior temporal cortex has reciprocal
connections with dorsolateral frontal cortex via the superior
longitudinal fasciculus (arcuate fasciculus) (Gloor, 1997).
Common functional consequences of lesions around the
posterior part of the Sylvian sulcus in humans are disordered
repetition and speech production (Benson, 1979). We have
re-analysed three of our group’s previously published PET
studies (Warburton et al., 1996; Murphy et al., 1997;
Mummery et al., 1999) and one unpublished study to
investigate, first, whether there is a local neural system within
the posterior superior temporal cortex that responds to both
hearing speech and the recall of words during verbal fluency
tasks. A functional conjunction of activations during both
the perception and the mental rehearsal of words identifies a
system central to language acquisition, whereby the transient
representation of sequences of phonemes and their rehearsal,
covert or overt, ultimately results in long-term lexical
memories. Secondly, we wished to investigate whether there
is also a posterior left temporal system that responds to the
motor act of speech, identified as a region where the task-
dependent activations are related to speech production,
independent of the speaker’s perception of his own utterances.
Such a system must exist to bind speech perception with
production during the rehearsal of novel words to acquire
lexical memories

Methods
Subjects
Twenty-six right-handed, healthy male volunteers took part
in four experiments. Each subject gave informed, written
consent. All spoke English as their first language. The
studies were approved by the Administration of Radioactive
Substances Advisory Committee (Department of Health, UK)
and the research ethics committees at the Hammersmith
Hospital and the National Hospital for Neurology and
Neurosurgery.
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Fig. 2 Experiment 1: statistical parametric maps displayed as sagittal, coronal and axial projections. All
voxels significant at P � 0.0001, uncorrected, are displayed as black overlays for the three analyses:
the conjunction of linear increases in activity with increasing rates of hearing both words and signal
correlated noise (Words � SCN); linear increases in activity with increasing rates of hearing words
(Words); and linear increases in activity with increasing rates of hearing words once those voxels that
also responded to SCN had been masked at a threshold of P � 0.05, uncorrected (Words – SCN).
Ant. � anterior; L � left.

PET scanning
Brain activation was measured using PET. The dependent
variable in functional imaging studies is the haemodynamic
response: a local increase in synaptic activity is associated
with increased local metabolism, coupled to an increase in
regional cerebral blood flow (rCBF). Water labelled with a
positron-emitting isotope of oxygen (H2

15O) was used as the
tracer to demonstrate changes in rCBF, equivalent to changes
in tissue concentration of H2

15O. The resolution of the
technique meant that the activity at the level of neural systems
(i.e. local populations of many millions of synapses) was
observed. Analysis involved relating changes in local tissue
activity (normalized for global changes in activity between
scans) to the behavioural task. Each subject had seven to 12
estimations of rCBF, made with a Siemens/CPS ECAT
Exact HR� (962) (Experiment 1) or a Siemens CTI 985B
(Experiments 2–4) PET camera, at 8–10 min intervals. The
order of stimuli was randomized within and across subjects
in each experiment. For each scan, 296–444 MBq of H2

15O
(depending on the scanner sensitivity) was administered as
a slow intravenous bolus, and the total counts per voxel
during the build-up phase of radioactivity served as an
estimate of rCBF. Data acquisition was performed in 3D
mode, with the lead septa between detector rings removed,
with one 90 s acquisition frame beginning at the start of the

rise of the head curve. Stimuli were presented to the subjects,
or the subjects performed specific tasks, for 75 s, starting
15 s before the arrival of H2

15O in the brain, and covering
the critical measurement period of rapid build-up of H2

15O
in the brain over 30 s. After measured attenuation correction,
images were reconstructed by filtered back projection
(Hanning filter, cut-off frequency 0.5 Hz).

Analyses
The data were analysed using statistical parametric mapping,
version SPM99 (Wellcome Department of Cognitive
Neurology). Each individual’s data were realigned to remove
head movements between scans, normalized into a standard
stereotactic space, and smoothed using an isotropic 10 mm,
full width, half-maximum Gaussian kernel to account for
individual variation in gyral anatomy and to improve the
signal-to-noise ratio (Friston et al., 1995a). Individual studies
were rejected if there were incomplete axial slices between
40 mm below and 50 mm above the plane of the anterior
and posterior commissures of the normalized images, to
ensure that there had been inclusion of all the temporal and
inferior parietal lobes, with the exception of the ventral
surface of the temporal poles. In practice, incomplete volumes
were only encountered in two out of nine subjects in one
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Fig. 3 Experiment 1: the results for the left PT (A) and posterior left STS (B). The peak voxels (cross
hairs) are shown on sagittal and coronal slices of the MRI T1-weighted template (the averaged image
from 125 scans of normal subjects) available in the SPM99 software. All voxels significant at P �
0.0001, uncorrected, are displayed as white overlays on the images. The coordinates for the peaks are
given for MNI space, the stereotactic space employed by SPM99. On the right of the figure, for both
peak voxels, each condition (x-axis), coded on a grey-scale from low to high rates of presentation of
the stimuli, is plotted against the size of its effect (y-axis) in the weighted contrast (i.e. –6, –5, –3, 1,
4, 9) across conditions.

study (Experiment 2). Specific effects were investigated using
appropriate contrasts to create statistical parametric maps of
the t-statistic (Friston et al., 1995b). We used an analysis of
covariance with global counts as confound to remove the
effect of global changes in perfusion across each individual’s
scans (Friston et al., 1990). The thresholds for significance
are described under the presentation of the results of the
individual studies. SPM99 displays a list of the peaks (�4 mm
apart) within an activated region. We identified and reported
in detail only those peaks located within superior temporal
cortex. Peaks located within HG and the PT were identified
by using published probability maps (Penhune et al., 1996;
Westbury et al., 1999), following a correction for the
differences in the coordinate systems between the Talairach
and Tournoux atlas (1988) (used in the probability maps)
and the stereotactic space employed by SPM99, created at
the Montreal Neurological Institute (Evans et al., 1993)
(http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html). In
practice, the corrections for coordinates in superior temporal
cortex were never �3 mm in any one axis. The location of
the other peaks were made with reference to the Talairach
and Tournoux atlas (1988). In the figures, the PET activations
are displayed on the average template of 125 T1-weighted
MRI normal scans available in SPM99, using the Montreal
Neurological Institute’s coordinate system.

Individual experimental designs, analyses,
results and comments
Experiment 1
Design
Six subjects heard either bisyllabic nouns or signal correlated
noise (SCN) (Mummery et al., 1999). SCN was prepared by
taking the time–amplitude envelopes of a selection of the
bisyllabic nouns and multiplying these envelopes with white
noise. The resulting sounds contained no phonetic cues, but
retained the rhythm and syllabic segmentation of words
(Rosen, 1992). The rates of the stimuli were varied across
scans (1, 5, 15, 30, 50 and 75 per min), so that each subject
heard each type of stimulus six times, once each for the six
different rates.

Analyses
Each scan was entered as a separate condition. Appropriate
contrasts, centred around zero (i.e. –6, –5, –3, 1, 4, 9), were
used to show voxels where activity increased approximately
linearly with the rates of hearing SCN alone and words alone.
The threshold was set at P � 0.05, corrected for analysis
across the whole brain volume.
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Table 1 The peak activations in posterior temporal cortex observed in Experiments 1–4: their coordinates in Talairach and
Tournoux stereotactic space (x, y and z, relative to the anterior commissures), their Z-scores and their significance,
corrected for analyses across the whole brain volume, are shown

Left hemisphere Right hemisphere

x y z Z P x y z Z P

Experiment 1
Linear response to increasing rates of hearing both SCN and words

Anterior STS �51 –08 –06 7.3 �0.001
HG –46 –23 �04 7.8 �0.001 (50–75%)
Lateral STG –53 –27 �05 7.8 �0.001 �65 –21 �07 �8.0 �0.001
PT –42 –32 �13 7.0 �0.001 (26–45%)

–49 –36 �13 6.7 �0.001 (46–65%) �49 –25 �09 �8.0 �0.001 (46–65%)

Linear response to increasing rates of hearing words without response to SCN
Anterior STS –57 �04 –08 5.0 0.02 �59 –02 –03 6.5 �0.001
Mid-STS –59 –16 –01 5.3 0.005
Posterior STS –61 –35 �06 5.0 0.02

Experiment 2
Noun and verb generation contrasted with rest state

Posterior STS –63 –37 �06 6.6 �0.001
PT –57 –42 �22 5.3 0.004 (26–45%)
Posterior MTG –57 –36 –07 4.5 �0.1

Experiment 3
Perception of own utterances

Anterior lateral STG �63 �05 –07 7.2 �0.001
Mid-STS –51 –15 �03 7.4 �0.001 �61 –17 �03 7.7 �0.001
PT –44 –34 �11 7.7 �0.001 (26–45%) �43 –29 �11 7.5 �0.001 (26–45%)

Response to voicing, speaking and mouthing, each contrasted with silent rehearsal
Medial temporo-parietal junction –42 –40 �20 5.7 0.001

Experiment 4
Correlation of activity with the rate of hearing stimuli � the rate of retrieving words

Posterior STS –63 –34 �02 3.9 �0.1
0.002 for spatial extent significance

For HG and PT, the probability that the peak voxel lay within the designated cortical region is also shown: the maximum probability for
any one voxel from the published maps is 100% for HG (Penhune et al., 1996) and 65% for PT (Westbury et al., 1999). The location of
the other peaks, in the superior and middle temporal gyri (STG and MTG), the superior temporal sulcus (STS) and the temporoparietal
junction, were made with reference to the Talairach and Tournoux atlas (1988).

Results (Table 1 and Figs 2 and 3)
Peaks of activity common to SCN and words were present
in left HG, the left and right lateral STG and the left and
right PT. A response to words alone was observed in the left
and right STS, anterior to the coronal plane of HG, but also
in the posterior left STS.

Comment
Speech-specific responses in this contrast with SCN were
confined to the lateral STG and STS. Anterior to HG there
was no apparent asymmetry. As SCN lacks both phonetic
information and the periodicity (voicing) that gives speech
its pitch and intonation, it cannot be inferred from the
symmetry of the left and right anterior responses that the
two hemispheres responded to the same acoustic features in
the speech signal (Belin et al., 2000; Scott et al., 2000). It

was evident that the response in the posterior left STS was
speech-specific, whereas in the posterior right STS it was not.

Experiment 2
Design
Seven subjects were scanned during the following three
conditions, with four scans per condition (Warburton et al.,
1996).
A. Rest, when the subjects were told to ‘empty your mind’.
B. Verb generation, when the subjects had to think of as
many verbs as they could in the time available (15 s), without
vocalization, in response to basic level, concrete nouns (e.g.
shirt: wash, iron, mend, etc.).
C. As B, but the subjects had to think of basic level nouns
in response to hearing a superordinate noun (e.g. fish: cod,
salmon, perch, etc.).
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Fig. 4 Experiment 2: statistical parametric maps displayed as
sagittal, coronal and axial projections in the upper half of the
figure. All voxels significant at P � 0.0001, uncorrected, are
displayed as black overlays for the one analysis. Extensive
activations, described in the text, include a peak in the caudal left
STS (white arrow). In the lower half of the figure, the two
significant peaks in the caudal left temporal cortex are displayed
on averaged MRI templates, using the same method described in
Fig. 2, with the posterior left STS in the left coronal image and
the left PT in the right coronal image.

Analysis
One contrast, (B � C) – A, was analysed. The threshold was
set at P � 0.05, corrected.

Results (Table 1, Fig. 4)
There were extensive, predominantly left-lateralized
activations in premotor and dorsolateral prefrontal cortex,
with additional activations in left and right frontal opercular
cortex and right dorsolateral prefrontal cortex. There were
also activations in the left temporal lobe, comprising a main
peak in the posterior left STS, within 5 mm of the coordinates
of the peak in the posterior STS observed in Experiment 1.
There were additional, smaller peaks in the lateral aspect of
the PT and in the middle temporal gyrus (the latter being
below the threshold set for significance).

Comment
Although cued word retrieval is a complex task, involving
many psychological processes and widely distributed neural
systems, posterior left temporal lobe subsystems were
identified that included a peak in the posterior STS. Therefore,
in the posterior left STS there was a conjunction of activity
for perceiving words, observed in Experiment 1, and for
retrieving words from long-term lexical semantic memory.

Experiment 3
Design
Six subjects were taught the phrase ‘buy Bobby a poppy’
(Murphy et al., 1997). The place of articulation for the
consonants (i.e. the location of the supralaryngeal restriction
to air flow) was at the lips. There were four conditions,
as follows.
A. Repeatedly saying the phrase out loud.
B. Mouthing the phrase, with lip movements but no voicing
or adduction of the false vocal cords (as occurs during
whispering).
C. Using a single, voiced vowel sound (‘uh’) to repeatedly
sound out the phrase without movement of the articulators.
D. Thinking of the phrase repeatedly.

Analyses
Conditions A and C were associated with breathing patterns
typically observed during normal speech (Murphy et al.,
1997). A contrast of (A – B) � (C – D) was used in the
original publication to investigate the cortical control of
breathing during speech (with, additionally, motor control of
vocal cord adduction). This contrast also included the auditory
cortical responses to the subjects’ own utterances, which
were not discussed in the original study but are now presented
below. We also performed a new analysis, investigating the
conjunction of activity in the contrasts of A with D, B with
D and C with D. This identified only those voxels activated
by all three conditions, A, B and C, relative to condition D.
The three contrasts were entered in the order, C–D, A–D
and B–D. This specifies the order of orthogonalization.
Orthogonalization ensures that any effect modelled by one
contrast cannot be explained by another, enabling a test for
the conjunction of independent effects. Because we used a
common baseline (condition D) the original contrasts were
not orthogonal, but were rendered so after appropriate rotation
in SPM99. The voxels revealed by this conjunction analysis
were associated with speech production, independent of the
perception of own utterances, which was not present during
silent mouthing of the phrase (condition B). The threshold
was set at P � 0.05, corrected.

Results (Table 1, Figs 5 and 6)
Peaks of activity in response to own utterances were observed
in the anterior right lateral STG, left and right mid STS and
left and right PT. There was no separate peak in the posterior
left STS. Associated with the motor gestures of speech, there
were, as previously reported, activations in posterior frontal
cortex; however, in addition, there was an activation in the
depth of the most posterior part of the left sylvian sulcus, at
the most medial part of the junction of the STG with the
inferior parietal lobe.
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Fig. 5 Experiment 3: sagittal, coronal and axial slices on the MRI T1-weighted template to show the
peak in the left PT in the conjunction of the contrasts of speech (condition A) with mouthing
(condition B) and voicing (condition C) with silent rehearsal (condition D), orthogonalized in that
order. The method of display is the same as that employed in Fig. 2. It is apparent that activations are
also present in the right PT and in the left and right HG (the plane of the left HG is depicted by a
black arrow in the sagittal and axial projections). In the lower half of the figure, each condition (x-axis)
is plotted against the size of its effect (y-axis) in the left PT, with the contrasts and their
orthogonalization order shown above the plot.

Fig. 6 Experiment 3: sagittal, coronal and axial slices on the MRI T1-weighted template to show the
peak in the medial left temporoparietal junction for the conjunction of the separate contrasts of voicing
(condition C), speech (condition A) and mouthing (condition B) with silent rehearsal (condition D),
orthogonalized in that order. The method of display is the same as employed in Fig. 2. In the lower
half of the figure, each condition (x-axis) is plotted against the size of its effect (y-axis) in the medial
left temporoparietal junction, with the contrasts and their orthogonalization order shown above the plot.
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Comment
When contrasted with mentally rehearsing the phrase, a
task involving no auditory input or auditory attention, the
perception of own utterances produced bilateral supra-
temporal activations that did not, unlike the response to
hearing words observed in Experiment 1, extend ventrally
into the posterior left STS. In addition, a posterior left
temporal/inferior parietal system was identified that
responded to the motor act of speech, independent of the
speaker’s perception of his own utterances.

Experiment 4
Design
Seven subjects took part in a study of noun generation (as
in Experiment 2) and counting. The seven conditions, one
scan per condition, were as follows.
A. Rest, when the subjects were asked to ‘empty your mind’.
B. Noun retrieval, when the subjects had to think of basic
level nouns after hearing a superordinate noun cue, one
stimulus every 30 s, without speaking. Immediately following
the scan, the subjects performed the task again out loud, with
their responses recorded, to give an estimate of the number
of basic level nouns generated per minute.
C. As B, but the stimuli were heard every 10 s.
D. As B, but the stimuli were heard every 2 s and the subject
was told to only think of one response per stimulus.
E. As B, with one stimulus every 30 s, but the subjects were
asked to speak their responses, which were recorded. One of
the subjects did not complete this condition because of
scan failure.
F. The subjects were asked to count silently from 1000
(1001 . . . 1002 . . . 1003 . . ., etc.). A root of one thousand
was used to slow up the rate of counting, to approximate it
to the rate of retrieving nouns in conditions B–E. At the end
of the scan the subject was asked to name the number he
had reached.
G. As F, but the subjects counted aloud. One of the subjects
did not complete this condition because of scan failure.
Thus, the subjects only spoke their responses during scanning
in conditions E and G.

Analyses
The contrast of (E � G) – (A � B � C � D � F) was used
to determine the temporal lobe response to the sound of own
utterances. Experiments 1–3 demonstrated that the posterior
left STS responded to both hearing words (but not self-
monitoring of speech output) and to retrieving words from
memory. To investigate this further, the rate of hearing the
stimuli plus the rate of generating responses for each scan
for each subject was used as covariate, with the rate of
hearing own utterances in conditions E and G excluded. The
correlation in any voxel was not significant at the level of
P � 0.05, corrected for analysis across the whole brain

Fig. 7 Experiment 4: statistical parametric maps displayed as
sagittal, coronal and axial projections in the upper half of the
figure, demonstrating the posterior left STS where activity for
word perception and retrieval was additive (P � 0.001,
uncorrected for voxel-level significance; P � 0.05, corrected for
spatial extent significance). In the lower half of the figure, this
region is displayed on a coronal slice of the averaged MRI
template, using the same method described in Fig. 2.

volume. As there was only one scan per condition for each
subject, the power of this analysis was relatively low.
Therefore, the voxel-level significance (peak intensity) was
set at P � 0.001, uncorrected, but to avoid false positives
the significance for the spatial extent of each activated region
(i.e. the number of voxels in a cluster) was set at P � 0.05,
corrected (Poline et al., 1997).

Results (Table 1, Fig. 7)
There was a bilateral supratemporal response in response to
hearing own articulations (not illustrated), closely similar to
that observed in Experiment 3. The sum of the rates of
hearing stimuli and generating responses correlated with
activity within the posterior left STS. The number of voxels
in this cluster was significant (P � 0.002; P � 0.1 in all
other clusters).

Comment
This study demonstrated directly a conjunction of activity
for single word perception and word retrieval in the posterior
left STS. The activity in response to word retrieval was not
specific for the recall of exemplars from semantic memory,
as the retrieval of numbers also activated this region.

Discussion
The four studies have identified two regions in the left
superior temporal cortex, posterior to HG, associated with
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Fig. 8 Summary figure from the four experiments, showing projections of activated voxels (thresholded at P � 0.001, uncorrected) on to
the MRI template of the lateral surface of the left cerebral hemisphere available in SPM99. For Experiment 1 the left temporal regions
are shown where there was a correlation between activity and the rate of hearing words, but not SCN, with the voxels located within the
posterior left STS highlighted in yellow and all other voxels shown in white. Using a similar method of display, the left hemisphere
regions activated by semantically cued word retrieval (Experiment 2) and the sum of activity for word perception and word retrieval
(Experiment 4) are shown. The peak voxels for the posterior left STS in Experiments 1, 2 and 4 were within 4 mm of each other in the
x, y and z planes. The voxels activated by articulation but not those responding to hearing own utterances (Experiment 3) include those
at the medial left temporoparietal junction, highlighted in yellow and displayed, for illustrative purposes, on the lateral surface of the
hemisphere.
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the processing of single words (Fig. 8): the posterior STS,
which is involved both in the perception of single words (but
not of own utterances) and the retrieval of words from
memory (both words in response to a semantic cue and
words for numbers), and the junction of the STG with the
inferior parietal lobe, which was engaged by the motor act
of speech, independent of the speaker’s perception of his
own utterances. The response of the left PT was not selective,
responding to complex non-speech sounds (SCN) and the
sound of the speaker’s own utterances. The lack of speech-
specificity of the PT has already been observed in other
functional neuroimaging studies. In one study, word
perception and perception of tone sequences were contrasted,
both directly and indirectly by comparing each condition
separately with a silent control condition (Binder et al.,
1996). Others observed no signal in PT when contrasting
listening to speech with listening to non-speech sounds
(Demonet et al., 1992; Zatorre et al., 1992; Belin et al., 2000).

Using microelectrode recordings and tracer injections in
non-human primates, it has been shown that there are anterior
and posterior auditory projections to, respectively, rostral
(anterior) prefrontal cortex and dorsolateral prefrontal and
premotor cortex (Romanski et al., 1999). In addition to
the direct projections from lateral belt regions, which is
immediately adjacent to core auditory cortex, to frontal
cortex, there are parallel routes with the same frontal lobe
terminations: via adjacent anterior temporal regions and
through the posterior STG and STS and the parietal lobe
(Kaas and Hackett, 1999). It has been proposed that the
anterior projections encode information about the object
source of a sound, and the posterior projections encode
auditory spatial information, analogous to the ‘what’ and
‘where’ visual pathways (Rauschecker, 1998; Kaas and
Hackett, 1999). Although the anatomical evidence about the
local connectivity of the human superior temporal cortex is
limited, recent evidence clearly distinguishes between cortex
anterior and posterior to HG (Galuske et al., 1999). The
former is reciprocally connected via monosynaptic pathways
with HG, whereas the latter has no direct connections with
HG; however, whether its main afferent input is from cortical
or subcortical structures is not known. This difference in
connectivity between anterior and posterior human auditory
association cortex suggests a difference in function and
supports the possibility of dual auditory streams in man.

Knowledge about ‘where’ directs attention, and the
orientation of the eyes and body, towards a sound source.
However, visual information also directs other motor
responses, such as the arm reaching and finger movements
required to grasp a small object (Goodale and Milner, 1992).
In audition, sounds cannot be used to direct manipulation of
the objects from which they originated but, particularly in
humans, they can be used to direct the articulatory muscles,
i.e. they can be mimicked. This is most evident in repeating
back the utterances of a speaker, but humans can also mimic
the vocalizations of other species and make approximations
to the sounds made by inanimate objects. Mimicking both

words and non-speech sounds requires that an analysis of
the sound structure of the percept is used to direct the muscles
of respiration, the larynx, the pharynx, tongue and lips to
reproduce the sound and an ability to relate articulatory
gestures to the actual sound produced in the self-monitoring
of one’s own utterances. Of particular importance is the
ability to transiently represent the temporal order of the
elements, so as not to perceive and repeat, for example,
‘tap’ as ‘pat’. Repeated rehearsal of the temporally ordered
elements of words is central to the acquisition of long-
term lexical representations of familiar words (Hartley and
Houghton, 1996).

We have used the responsiveness of neural systems during
word perception, retrieval and production to investigate
whether the posterior auditory processing stream observed
in non-human primates has developed a role in the human
brain to support word rehearsal and lexical acquisition. We
propose that the posterior left STS, which is equally
responsive to hearing single words and retrieving single
words from memory, acts as an interface between word
perception and the long-term representations of familiar
words held in memory. It may perform this role by transiently
representing the temporally ordered sound structure of words,
both heard words (the external source) and words retrieved
from lexical memory (the internal source). Although silent
verbal fluency is a complex task, involving a number of
psychological processes, it includes the retrieval of the sound
structures of appropriate lexical items and their mental
rehearsal in preparation to speak (Warburton et al., 1996).
This is inferred from the distribution of activated regions,
which include bilateral frontal opercular cortex and left lateral
premotor cortex, lesions of which are known to impair
severely speech production (Lecours and Lhermitte, 1976;
Mohr et al., 1978; Mao et al., 1989; Broussolle et al., 1996).
Converging evidence for the importance of the posterior left
superior temporal cortex in transiently representing sequences
of phonemes in repetition and during word retrieval comes
from two single case studies, which used cortical stimulation
during epilepsy surgery. Stimulation at electrode pairs over
the posterior left STG, close to or overlying the STS, resulted
in phonetic errors during repetition and during naming
pictures and naming from description (Anderson et al., 1999;
Quigg and Fountain, 1999).

A previous study (Fiez et al., 1996) also re-analysed
previous studies of hearing words and word retrieval, the
latter in response to visually presented word cues. The re-
analysis distinguished two posterior regions on the left. The
dorsal region, located several millimetres posterior to the PT
(Westbury et al., 1999), responded most strongly to hearing
words and the ventral region, located close to or within the
posterior STS, was activated by word generation. Based on
our observations, their ventral region should have been
equally activated by hearing words and word generation.
Inspection of their data shows that the difference in the
magnitude of activation between the dorsal and ventral
regions for word generation was four times greater than that
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for hearing words and there was little difference in the
response of the posterior left STS to hearing words and word
retrieval. Therefore, there is consistency between the earlier
retrospective analysis of Fiez and colleagues and ours.

In the medial posterior supratemporal cortical plane, at its
junction with the inferior parietal lobe, we identified a neural
subsystem activated by overt articulation. The results are
consistent with the hypothesis that this region acts as an
interface between speech perception or lexical recall and
speech production. Silent verbal fluency was also associated
with activation of the lateral aspect of the left PT, which
demonstrated that lexical retrieval is associated with
activation spreading from the STS towards the medial
temporoparietal junction, with the latter only activated during
overt articulation. Although the loci are not identical, a
functional MRI study of lexical retrieval without articulation
during picture naming has also been associated with several
peaks of activity in the posterior left STG (Hickok et al.,
2000).

There is an alternative explanation. A previous PET study
has been interpreted as indicating that regions encoding
articulation modulate the left superior temporal cortex as
motor-to-sensory discharges (Paus et al., 1996). This raises
the possibility that there may be an effect of proprioceptive
feedback from articulatory structures on posterior temporal
cortex. The temporal resolution of PET is incapable of
settling whether the activation of posterior left superior
temporal cortex in our study was pre- or post-articulatory,
but a study of picture naming using magneto-encephalography
demonstrated that activity in this region occurs prior to
articulation (Levelt et al., 1998; see also Hickock and
Poeppel, 2000).

The demonstration that neurons in the inferior parietal
lobe instruct motor actions has a precedent in a study of
patients with right cerebral hemisphere lesions centred on
the inferior parietal lobe, close to the temporoparietal junction
(Mattingley et al., 1998). It was demonstrated that delay in
initiating a right hand movement towards the left in response
to a visual cue in the left hemifield was as much due to
slowness of motor initiation as to impaired attention to the
visual stimulus. The authors concluded that neurons in the
inferior parietal lobe act as an interface between a sensory
percept and its associated motor response. Our results go
further in demonstrating that a motor (speech) response can
be associated with temporoparietal activation in response to
the retrieval of an internal (lexical) cue, in the absence of a
sensory (auditory) percept.

Observing the operation of the locally distributed system
in the posterior temporal cortex in response to the word tasks
our subjects were asked to perform does not allow us to
speculate about its role in everyday speech production. This
would require evidence that cued lexical retrieval uses the
same system to retrieve lexical memories as that operating
during word retrieval associated with propositional speech.
Furthermore, we have not established whether the response

of the posterior left STS is only to speech. It remains to be
seen whether it is engaged by the overt or covert rehearsal
of non-speech sounds with complex temporal sequences,
such as bird song, which can be successfully mimicked and
learnt by humans.

In summary, the results from three PET studies have
demonstrated a conjunction of activity in the posterior left
STS in response to hearing single words and during cued
word retrieval. We postulate that this local system transiently
represents the temporally ordered sequence of sounds that
comprise a heard (external) or retrieved (internal) word, and
that it acts as an interface between the perception and long-
term mental representations of familiar words. A fourth PET
study demonstrated an adjacent local system, at the medial
left temporoparietal junction, that acts as an interface between
posterior temporal cortex and motor cortex for speech. These
two anatomically and functionally separable regions are
candidates for systems that must exist to allow us to perceive
and rehearse novel words until they are acquired as retrievable
lexical memories.
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