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a b s t r a c t
Articulatory goals have long been proposed to mediate perception. Examples include direct realist and
constructivist (analysis by synthesis) theories of speech perception. Although the activity in brain regions
involved with action production has been shown to be present during action observation (Mirror Neuron
System), the relationship of this activity to perceptual performance has not been clearly demonstrated at the
event level. To this end we used functional magnetic resonance imaging fMRI and magnetoencephalography
MEG to measure brain activity for correct and incorrect trials of an auditory phonetic identiﬁcation in noise
task. FMRI analysis revealed activity in the premotor cortex including the neighboring frontal opercular part
of Broca's area (PMC/Broca's) for both perception and production tasks involving the same phonetic stimuli
(potential mirror system site) that was signiﬁcantly greater for correct over incorrect perceptual
identiﬁcation trials. Time–frequency analysis of single trials conducted over MEG current localized to
PMC/Broca's using a hierarchical variational Bayesian source analysis technique revealed signiﬁcantly
greater event-related synchronization ERS and desynchronization ERD for correct over incorrect trials in the
alpha, beta, and gamma frequency range prior to and after stimulus presentation. Together, these fMRI and
MEG results are consistent with the hypothesis that articulatory processes serve to facilitate perceptual
performance, while further dispelling concerns that activity found in ventral PMC/Broca's (mirror system) is
merely a product of covert production of the perceived action. The ﬁnding of performance predictive activity
prior to stimulus onset as well as activity related to task difﬁculty instead of information available in
stimulation are consistent with constructivist and contrary to direct realist theories of perception.
© 2010 Elsevier Inc. All rights reserved.

Introduction
The ﬁnding that premotor cortex PMC/Broca's areas are active not
only during action production but also during visual and/or auditory
observation of action (‘Mirror Neurons’ and ‘mirror system’) (Di
Pellegrino et al., 1992; Gallese et al., 1996; Iacoboni and Dapretto,
2006; Kohler et al., 2002; Nishitani et al., 2005; Rizzolatti and
Craighero, 2004; Rizzolatti and Arbib, 1998) has led to considerable
conjecture regarding the neurophysiological mechanisms underlying
a variety of abilities ranging from action perception to social cognition
(Dapretto et al., 2006; Iacoboni, 2005; Nishitani et al., 2005). Two
potential means by which the PMC/Broca's instantiates action
recognition have been proposed and ‘mirror’ direct realist (Gibson,
1979) and constructivist (Helmholtz, 1867) theories of perception.
The direct realist approach maintains that pickup of properties in
sensory stimulation that have parity to self-generated actions affords
perceptual recognition. It has been stated that neurons in the PMC /
Broca's implement a non-inferential mechanism of action recognition
⁎ Corresponding author. ATR Computational Neuroscience Laboratories, 2-2-2
Hikaridai, Seika-cho, Soraku-gun, Kyoto 619-0288, Japan. Fax: + 81 774 95 1259.
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doi:10.1016/j.neuroimage.2010.02.027

based on neural identity' (Iacoboni, 2005) or stated in other words
action recognition emerges as a result of parity of the pattern of neural
response for action observation and action generation. The constructivist approach maintains that analysis of ongoing sensory stimulation
is constrained by a process of internal simulation that predicts sensory
outcomes of action generation. Neurons in the PMC have been
conjectured to instantiate forward internal models responsible for
predicting sensory outcomes of action generation constraining
perceptual recognition (Callan et al., 2004a; Wilson and Iacoboni,
2006; Iacoboni, 2008).
Direct realist and constructivist theories of speech perception are
relevant in discerning the underlying processes involved with action
recognition within PMC/Broca's. The use of articulatory goals to mediate
perception was proposed long ago by the motor theory of speech
perception (Liberman et al., 1967) and the theory of analysis by
synthesis (Stevens and Halle, 1967). The main impetus for espousing the
necessity to utilize articulatory constraints for speech perception was
the apparent lack of invariant cues in the acoustic signal to specify our
phenomenal experience; i.e. the d in ‘dude’ and in ‘deep’ sound alike but
have different acoustic characteristics (Lotto et al., 2009; Galantucci
et al., 2006; Liberman and Mattingly, 1985). The direct realist theory
(Fowler, 1986) asserts that, although there are no acoustic/sensory
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features that invariantly specify the units of speech, there are invariant
properties in sensory stimulation that unambiguously specify the
articulatory gestures (instantiated in PMC/Broca's; my assertion) that
are responsible for producing the units of speech in a direct manner
without requiring the use of inferential processes. According to this
approach what we perceive is not auditory/sensory in nature but
directly relates to the articulatory gesture. On the other hand
constructivist theories of speech perception maintain that speech
perception is mediated by constraints of a model (inferential processes;
internal simulation) of the articulatory–auditory (sensory) mapping of
the speech production system. Examples of constructivist theories of
speech perception include the motor theory of speech perception
(Liberman et al., 1967; Liberman and Mattingly, 1985), analysis by
synthesis (Stevens and Halle, 1967), and more recently internal models
(Callan et al., 2003b, 2004a; Poeppel et al., 2008; Skipper et al., 2007b;
Wilson and Iacoboni, 2006; Iacoboni, 2008). Internal models are
mechanisms that simulate (predictively code) the input/output
characteristics, or their inverses, of the system at hand (Kawato,
1999), in this case speech articulation and its sensory consequences.
According to internal model based constructivist theories the PMC is
involved with prediction of the sensory consequences of articulatory
gestures that are used to constrain and facilitate speech perception.
Although there are a considerable number of brain regions likely to be
involved with speech perception this study focuses on the PMC and
adjacent regions such as the opercular part of Broca's area because of the
controversial involvement of the ‘mirror system’ in action recognition
(Lotto et al., 2009; Hickok, 2008).
A considerable number of brain imaging studies have investigated
the involvement of speech motor regions during auditory as well as
visual speech perception (Callan et al., 2000, 2003a,b, 2004a,b, 2006a;
Mottonen et al., 2004; Ojanen et al., 2005; Pekkola et al., 2005;
Nishitani and Hari, 2002; Pulvermuller et al., 2006; Skipper et al.,
2005, 2007a; Wang et al., 2003; Wilson et al., 2004, there are far too
many to list all). Most of these studies have only demonstrated that
PMC and neighboring frontal opercular part of Broca's area are active
both during speech perception tasks as well as speech production
tasks. Although these ﬁndings are important they do not demonstrate
that PMC/Broca's activity is related to perceptual performance.
Demonstrating a relation to performance is necessary if these regions
are truly involved with action recognition (Hickok, 2008). Without
evidence that PMC/Broca's is related to perceptual performance it is
entirely possible that the results reported in many previous studies
merely reﬂect covert production of the perceived speech stimulus that
is the product of perceptual processing and have no causal
relationship with speech recognition. It should be noted that there
are some studies that do show a relationship between PMC activity
and perceptual performance. Greater activity is present in PMC/
Broca's for perception of second language over native speech contrasts
that increases with learning (Callan et al., 2006b, 2003a, 2004a; Wang
et al., 2003). Furthermore, PMC/Broca's activity is correlated with
subject mean behavioral identiﬁcation performance on a second
language phoneme identiﬁcation task (Callan et al., 2004b). At ﬁrst
glance it would appear that the results of Binder et al. (2004) in which
it was shown that Broca's activity increases with a reduction in
performance is contrary to the results of the studies cited above.
However, in the Binder et al. (2004) study stimuli were presented
with different signal-to-noise ratios and performance decreased as
the amount of auditory speech information was degraded. Consistent
with the studies cited above, one could also interpret the results of
greater activity in Broca's area (Binder et al., 2004) as reﬂecting
facilitative processes used for speech perception under conditions
when less auditory information is present.
Additionally, studies using transcranial magnetic stimulation TMS to
speech motor areas (PMC and M1) have shown an effect on speech
perception performance (Meister et al., 2007; D'Ausilio et al., 2009; Sato
et al., 2009). However the results vary somewhat between studies.
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Meister et al., 2007 ﬁnd a decrease in phonetic discrimination
performance with stimulation to PMv. D'Ausilio et al. (2009) ﬁnd
facilitation of performance with stimulation to M1. Sato et al. (2009)
ﬁnd a decrease in phonetic discrimination performance only when
segmentation is required but not otherwise. There are considerable
differences in the type of TMS used, the site stimulated, and the type of
stimuli that may all contribute to differences in their results. One
limitation of TMS methodology is that the potential spreading of
activation induced by artiﬁcial stimulation of a particular brain region
may result in distal changes in brain regions involved with perceptual
performance that may not be inﬂuenced by the region undergoing TMS
under normal circumstances. For example, stimulation of speech motor
areas may activate forward models that are used for prediction of
sensory consequences of the articulatory movement for speech
production. These forward models originating in the PMC may have
connections to auditory superior temporal areas but may not be used at
all for speech perception under normal conditions but spreading
activation caused by TMS unnaturally causes modulation of auditory
speech maps resulting in facilitation or degradation in perceptual
performance. It should be noted, however, that given the technique used
in D'Ausilio et al.'s (2009) study it is unlikely that stimulation of speech
motor areas modulate activity in the auditory cortex. Additionally Sato
et al. (2009) did not show any effect of rTMS on phoneme identiﬁcation
and syllable discrimination tasks under normal listening conditions
suggesting that stimulation may not result in spreading activation to
auditory speech regions. To better corroborate the role of the PMC in
perceptual processing it is necessary to demonstrate differential
responses to correct and incorrect performance at an event level.
Without evidence that PMC/Broca's processes correct and incorrect
trials differently it is entirely possible that the results reported in many
previous brain imaging studies merely reﬂect covert production of the
perceived speech stimulus that is the product of perceptual processing.
Although one cannot completely discard the possibility of a covert
repetition strategy that is selective for correct responses we attempt to
control for this possibility in this experiment in many ways such as
comparing correct responses on a consonant identiﬁcation task
(difﬁcult) versus correct responses on a vowel identiﬁcation task
(relatively easy) using identical syllables as stimuli. If greater activity for
correct over incorrect responses is a product of covert production of the
less ambiguous percept then one would expect the vowel task to also
result in greater activity over the correct consonant task. Another way
we address this issue is by looking at the timing of activity. At a
minimum it would take at least 200 ms to listen to the speech stimuli
and then be able to covertly repeat what was heard. Therefore if
differences in activity are seen in PMC before or just after stimulus onset
one can strongly rule out the difference in correct and incorrect trials as a
product of covert production.
Here, we used functional magnetic resonance imaging fMRI and
magnetoencephalography MEG to determine whether the same
region of PMC/Broca's that is active during speech production is
important for speech perception performance. This was accomplished
by comparing brain activity for correct relative to incorrect trials on an
auditory phonetic identiﬁcation task in the presence of white noise. It
is hypothesized that brain regions (PMC/Broca's) instantiating
articulatory control signals (Callan et al., 2000; Pulvermuller et al.,
2006; Wilson et al., 2004) will show greater activity for correct over
incorrect presentations, reﬂecting its role in facilitation of perceptual
processing. While fMRI allows for spatial localization of differential
activity between correct and incorrect trials on the brain, MEG
additionally allows for the time course of brain activity prior to and
after stimulus presentation. Magnetoencephalography MEG, electroencephalography EEG, and electrocorticography ECoG studies have
identiﬁed both event-related synchronization ERS as well as desynchronization ERD of activity in different brain areas than PMC/Broca's
prior to stimulus onset to be predictive of performance (Ergenoglu
et al., 2004; Gonzalez-Andino et al., 2005; Hanslmayr et al., 2007;
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Linkenkaer-Hansen et al., 2004; Thut et al., 2006; van Dijk et al., 2008;
Yamagishi et al., 2008). These results suggest that localized modulation of endogenous ongoing patterns of brain activity may be
important for the effectiveness in which stimuli are processed.
While the intent of this study is to investigate neural processes
underlying the perceptual system one has to address the potential
confound that cognitive decision processes are responsible for
underlying brain activity. In an attempt to account for cognitive
decision processes, analyses correlating brain activity with button
response time (thought to be a correlate of decision processes (Binder
et al., 2004)) were utilized to ensure that there was no overlap in
brain activity related to perceptual performance.
We conducted three experiments (see Materials and methods for
details) to test our hypothesis that PMC/Broca's is involved with
processes related to perceptual performance: The ﬁrst experiment is
an fMRI study designed to localize the region of the PMC/Broca's that
is active for both speech production of phonemes and speech
perception of the same phonemes, specifying a potential mirror
system site. These results are used for region of interest analyses in
Experiments 2 and 3. The second experiment is an event-related fMRI
study focusing on distinguishing correct from incorrect trials on a task
involving two-alternative forced choice phonetic identiﬁcation in the
presence of white noise (see Materials and methods for details of
stimulus presentation, the same procedure is used for Experiments 2
and 3). Activity found in the PMC/Broca's in Experiment 1 common
for both speech production and perception was used for an ROI
analysis specifying the location of a potential mirror system site
involved with perceptual performance. The third experiment uses the
same phonetic identiﬁcation task as the second experiment during
MEG recording to identify the temporal oscillatory characteristics of
activity in PMC/Broca's differentiating between correct and incorrect
trials. Source localization is conducted using a hierarchical variational
Bayesian technique (VBMEG; Sato et al., 2004; Yoshioka et al., 2008)
that utilizes fMRI activity from experiment one as with prior
information. Using this technique, current is extracted from PMC/
Broca's known to be a potential mirror system site from which single
trial time–frequency analyses are conducted.
The direct realist and constructivist theories of speech perception
make different predictions regarding the outcome of the results of the
various experiments. The direct realist theory supports the hypothesis
that the PMC mediates action recognition by means of properties in
sensory stimulation activating the same patterns of neural activity
that are present during action production. The degree of information
in stimulation that corresponds to the action should relate to the
degree of neural activation in PMC. Additionally the activation in PMC
is ‘directly’ related to properties in stimulation and thus is not
involving predictive processing. Contrary to these hypotheses the
constructivist theory of speech perception (in particular internal
model based approaches) asserts that the PMC is involved with
predictive processing (i.e. forward and inverse models) and the
degree of activity may be dependent on the task demands rather than
the amount of information available. The constructivist theory put
forward here asserts that activity prior to stimulus onset may be
predictive of performance. Additionally the constructivist theory
asserts that task difﬁculty will reﬂect greater activity in PMC. Both of
these predictions are contrary to the direct realist approach.

Materials and methods
Experiment 1: localization of brain regions involved with both
production and perception
Subjects
Sixteen 21- to 42-year-old (14 males, 2 females) right-handed
subjects participated in this study. All subjects gave written informed

consent for experimental procedures approved by the ATR Human
Subject Review Committee.
Stimuli
The auditory stimuli consisted of the following synthesized male
speech sounds /ba/, /bo/, /da/, and /do/ that were band passed
ﬁltered from 300 to 3400 Hz. The Festival speech synthesis system
was used to construct the stimuli (Centre for Speech Technology
Research, The University of Edinburgh). Each of the stimuli was
120 ms in duration and normalized to have the same RMS energy.
White noise was constructed and band passed ﬁltered from 300 to
3400 Hz. All sound ﬁles were sampled at 44,100 Hz (Matlab was used
for processing of the stimuli).
Procedure
The localization experiment consisted of four conditions: (1) overt
speech production; (2) active perceptual identiﬁcation of phonemes
(/b/ versus /d/) in noise; (3) passive perception of phonemes; and
(4) rest. The overt speech production condition consisted of
articulation of one of the syllables (/ba/, /bo/, /da/, and /do/)
presented in the center of the computer screen for 800 ms. To avoid
large susceptibility artifact subjects were asked to articulate the
speech sounds without voicing (overt articulation, but avoiding
vibration of vocal folds). It was our opinion that the movement of
the diaphragm and vocal folds during voicing would produce
excessive head and body movement that may result in greater
susceptibility artifact. Prior to the experiment all subjects demonstrated the ability to do this for all the speech stimuli without
difﬁculty. An additional reason to exclude voicing was in order to
avoid activation of auditory processing regions merely by acoustic
feedback of one's own voice. The active perceptual identiﬁcation of
phonemes in noise condition consisted of two-alternative forced
choice identiﬁcation via button press by the left thumb of whether the
syllable presented aurally begins with a /b/ or /d/. Subjects were
informed to respond quickly and accurately. Button press order was
counterbalanced. The speech syllables were embedded in 500 ms of
white noise beginning at 200 ms. In order to account for greater
perceived loudness for /a/ stimuli over /o/ stimuli the /ba/ and /da/
stimuli were presented at a 1 dB signal-to-noise ratio and the /bo/
and /do/ stimuli were presented at a 4 dB signal-to-noise ratio. The
passive perception of phonemes condition consisted of listening to
the speech sound presented (/ba/, /bo/, /da/, and /do/) without
making any overt response. The passive stimuli were presented at
the same RMS energy as the combined speech and noise stimuli in
the active speech condition. If an overt response was made in the
passive condition the trial was excluded from the analysis.
The stimuli for each condition were presented in blocks of four
trials. A color-coded ﬁxation cross was presented during each block.
The active conditions (speech production and active perceptual
identiﬁcation) were coded by a green cross, whereas, the passive
conditions (passive speech perception and rest) were coded by a
white cross. The ﬁrst stimulus was presented 1000–1200 ms
(randomly jittered) after the start of each block. Subsequent trials
were presented 1800–2200 ms after the start of the previous
stimulus. A single block was 10 s. There were 48 blocks total (12
repetitions for the 4 conditions) within a single run. Four runs were
conducted. Subjects remained in the scanner between runs (resting
for approximately 1 min) and were instructed not to move their head.
The condition order was counterbalanced across runs and subjects.
Subjects performed a practice run prior to fMRI scanning to familiarize
them with the experiment.
fMRI data collection and preprocessing
The auditory stimuli were presented via MR-compatible Etymotic
Research ER 30 Earphones (the delay in sound presentation resulting
from the presentation computer sound board and the length of the air
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tube were used to determine actual onset time). Visual stimuli were
presented by projection via mirrors to a screen behind the head coil
that could be viewed by the subject by a mirror. Stimulus presentation
was controlled using Neurobehavioral System's Presentation software. The Siemens Trio 3 T was used for brain imaging at the ATR
Brain Activity Imaging Center. Structural T1 images of the entire head
were collected for each subject using a 1 × 1 × 1 voxel resolution.
Functional T2* weighted images were acquired using a gradient echoplanar imaging sequence (echo time 30 ms; repetition time 2000 ms;
and ﬂip angle 80°). A total of 20 interleaved axial slices were acquired
with a 4 × 4 × 4 mm voxel resolution covering the cortex and
cerebellum. A total of 245 scans were taken for a single run. T2
structural images were also collected using the same horizontal slices
as the functional image with a 1 × 1 × 4 mm resolution. The experiment began from the start of the sixth scan. The ﬁrst ﬁve scans were
discarded. Images were preprocessed using programs within SPM2
(Wellcome Department of Cognitive Neurology, UCL). Differences in
acquisition time between slices were accounted for and EPI images
were unwarped and realigned. The T2 image was coregistered to the
mean EPI image, the EPI images were then spatially normalized to
MNI space using a template T2 image (3 × 3 × 3 mm voxels) and the
coregistered T2 image as the source. The images were smoothed using
an 8 × 8 × 8 mm FWHM Gaussian kernel. For use as constraints in the
MEG analyses, the event-related analysis for each subject was also
carried out without spatial normalization by coregistering the EPI
images to each subject's T1 anatomical image and then smoothing
using an 8 × 8 × 8 mm FWHM Gaussian kernel. Regional brain activity
for the various conditions was assessed using a general linear model
employing an event-related design in which a modeled haemodynamic response function HRF was convolved with the event
predictors. High pass ﬁltering (cutoff period 128 s) was carried out
to reduce the effects of extraneous variables (scanner drift, low
frequency noise, etc.). Auto-regression was used to correct for serial
correlations. Contrasts between the various conditions (speech
production, active speech perception, passive speech perception,
and rest) were conducted for each subject. Then random-effects
analyses were conducted on the contrasts of interest involving the
speech production, active speech perception, passive speech perception, and rest conditions. The statistics used in this experiment reﬂect
a voxel level FDR threshold of p b 0.05 to correct for multiple
comparisons over the entire brain. The cluster size speciﬁed by the
voxel extent parameter in SPM was determined such that it had an
uncorrected threshold of p b 0.05. The use of an extent threshold was
to avoid the scattered activation of very small clusters across the
brain. All coordinates reported in this study are given in Montreal
Neurological Institute MNI units.
In fMRI experiments extensive head movement can produce
excessive artifacts. This is of particular concern in speech production
experiments in which the subject is moving their jaw, tongue, lips, etc.…
In order to restrict head movement during the experiment the subject's
head was securely ﬁxed in place by using a strap that went across the
forehead. The extent of scan-to-scan head movement in the x–y–z plane
can be assessed using the realignment parameters given by SPM. The
mean scan-to-scan movement for the trials used in the experiment was
quite low (mean= 0.0755 mm, SD = .0567 mm). Although the speech
production condition was signiﬁcantly greater (p b 0.05) than the two
perception conditions for 11 of the 13 subjects (Production: mean
0.0845 mm, SD = 0.0639 mm; Active perception: mean 0.0788 mm,
SD = 0.0621 mm; Passive perception: 0.063 mm, SD = 0.0440; with the
maximum being 0.25 mm across all subjects and conditions), it is
unlikely that this small difference would have a signiﬁcant effect on the
brain imaging analysis given that the voxel size was 3 mm in the
smallest dimension. An additional problem to be concerned with,
especially in experiments using overt speech production is magnetic
susceptibility artifacts (Yetkin et al., 1995). An event-related design
(Palmer et al. 2001) and the use of unwarping during the realignment
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step of preprocessing (SPM2) were utilized to minimize such magnetic
susceptibility artifacts.
To investigate neural processes within particular theoretically
relevant brain regions for Experiments 2 and 3 in which correct versus
incorrect responses were evaluated, regions of interest ROIs were
deﬁned based on the results of Experiment 1. The four ROIs include
the ventral inferior premotor cortex PMvi (−51,3,18), the ventral
superior premotor cortex PMvs (− 54,−3,39), superior temporal
gyrus STG (−60,−24,9), and primary motor and somatosensory
cortex M1/S1 (MNI 33,−21,54). The PMvi and PMvs are brain regions
that have been shown to be active in studies investigating speech
production as well as speech perception (Callan et al., 2000; Wilson
et al., 2004) demonstrating ‘mirror system’ properties. The STG is
considered to be involved with auditory processing of speech and the
M1/S1 region corresponds to the motor and sensory area representing the ﬁnger button press (Lotze et al., 2000). The STG and M1/S1
ROIs were utilized to ensure that activity localized to the PMvi and
PMvs ROIs were not just a reﬂection of activity in these other regions
arising from the auditory and/or motor responses. The PMvi and
PMvs ROIs were determined by a conjunction analysis of activity
common to the speech production relative to rest contrast, the active
speech perception relative to rest contrast, and the passive speech
perception relative to rest contrast. The conjunction analysis was
carried out by ﬁnding the intersection of signiﬁcantly active voxels
between these contrasts of interest (determined at pFDR b 0.05)
(based on method given in Nichols et al., 2005). A series of contrasts
was conducted to determine task related activity in the STG and M1/
S1 that could be used to deﬁne the ROIs. The STG ROI was determined
by voxels present for both the active speech perception and passive
speech perception relative to rest contrasts (pFDR b 0.05) that were
also signiﬁcantly greater for active speech perception over passive
speech perception (pFDR b 0.05) and active speech perception over
speech production (pFDR b 0.05). The M1/S1 ROI was determined by
voxels present for the active speech relative to rest contrast
(pFDR b 0.001) that were also signiﬁcantly greater for active speech
perception relative to speech production (pFDR b 0.05) and active
speech perception relative to passive speech perception (pFDR b 0.05).
It was necessary to use a strict statistical threshold (pFDR b 0.001) for
the active speech relative to rest contrast in order to reduce the cluster
size in M1/S1 to be focused on the area representing the ﬁnger for the
button press.
Results and discussion
Behavioral performance
Performance on the perceptual identiﬁcation task (/b/ versus /d/)
in the presence of white noise was evaluated by percent correct trials.
Experiment 1; Mean d prime= 1.60; SE = 0.20; Mean percent correct = 75.2%; SE= 2.4%, (signiﬁcantly greater than chance; t = 10.7;
p b 0.0001; df= 15).
Brain imaging
The brain imaging results for the speech production relative to
rest contrast, the active speech perception relative to rest contrast,
and the passive speech perception relative to rest contrast are given
in Figs. 1A–C (Production: T = 2.55, pFDR b 0.05, spatial extent
threshold = 80 voxels; Active: T = 2.64, pFDR b 0.05, spatial extent
threshold = 59 voxels; Passive: T = 3.27, pFDR b 0.05, spatial extent
threshold = 35 voxels; spatial extent is selected based on uncorrected cluster level p b 0.05). Fig. 1D and Table 1 give the results of a
conjunction analysis showing activity common to the speech
production contrast, the active speech perception contrast, and the
passive speech perception contrast based on the method given in
Nichols et al. (2005) using the intersection of signiﬁcant voxels
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Fig. 1. Result of random-effects fMRI analysis for Experiment 1. A. Speech production condition relative to rest condition. B. Active speech perception condition relative to rest
condition. C. Passive speech perception condition relative to rest condition. D. Conjunction analysis showing activity that is common to all three experimental conditions. All results
are shown using a threshold of pFDR b 0.05.

(pFDR b 0.05) of the results given in Figs. 1A–C. Brain regions showing
common activity for production and perception tasks include the
inferior ventral premotor cortex PMvi including Broca's area, the
superior ventral PMvs, the anterior insula, the supplementary motor
area SMA, the superior temporal gyrus STG and transverse temporal
gyrus, and the inferior parietal lobule IPL (Fig. 1D, Table 1).
With regards to evaluating the inﬂuence that speech motor areas
have on perception, we focused on brain regions denoted by activity in
the PMvi and PMvs, as they are sites referred to in the literature as

Table 1
Experiment 1: MNI coordinates of peak activity of clusters.
Conjunction of speech production, active perception, and passive perception contrasts
(pFDR b 0.05)
Brain region
Anterior insula
PMvi BA6 and 44 (including Broca's area)
PMvs BA 6
SMA BA 6
STG BA22/Transverse temporal gyrus BA42

Inferior parietal lobule post central gyrus BA40/43

MNI coordinate
45,9,−6
− 51,3,18
48,12,18
− 54,−3,39
51,9,36
− 6,9,48
6,6,54
− 63,−27,12
− 57,−33,9
− 48,−12,6
− 51,3,−6
63,−15,9
65,−27,15
53,−21,−3
− 60,−27,21
63,−30,21

showing ‘mirror system’ properties that are found to be active during a
variety of speech perception tasks (Callan et al., 2000, 2003a,b, 2004a,b,
2006a; Mottonen et al., 2004; Ojanen et al., 2005; Pekkola et al., 2005;
Nishitani and Hari, 2002; Pulvermuller et al., 2006; Skipper et al., 2005,
2007a; Wang et al., 2003; Wilson et al., 2004). Regions of interest ROIs,
used in further fMRI and MEG analysis (Experiments 2 and 3), were
constructed based on the results of Experiment 1 (see Materials and
methods for details). These ROIs include PMvi and PMvs (hypothesized
mirror system) (Figs. 2A–B), left superior temporal gyrus STG (auditory
processing) (Fig. 2C), as well as primary motor and somatosensory
cortex M1/S1 of the ﬁnger corresponding to the button press (Fig. 2D). It
should be noted that the series of contrasts used to ﬁnd the clusters of
voxels composing the ROI also resulted in activity elsewhere in the brain
as can clearly be seen by comparing Figs. 1D and 2A–B.
Experiment 2: fMRI analysis of correct relative to incorrect performance
Subjects
Thirteen 25- to 42-year-old (12 males, 1 females) right-handed
subjects participated in this study. Three of these subjects also
participated in Experiments 1 and 3. All subjects gave written
informed consent for experimental procedures approved by the ATR
Human Subject Review Committee.
Stimuli and procedure
The same stimuli and procedures were used for Experiment 2 and
Experiment 3. Both experiments (2 and 3) consisted of three
conditions: (1) active perceptual identiﬁcation of consonant phonemes (/b/ versus /d/) in noise; (2) active perceptual identiﬁcation
of vowel phonemes (/a/ versus /o/) in noise; and (3) passive
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Fig. 2. Regions of interest ROIs where MEG current was localized and submitted to time–frequency analysis. A. Ventral premotor cortex including the opercular part of Broca's area
PMC/Broca's PMvi. B. Ventral superior premotor cortex PMvs. C. Superior temporal gyrus STG. D. Primary motor and somatosensory cortex M1/S1.

listening to noise with no speech presented. The active perceptual
identiﬁcation conditions consisted of a two-alternative forced choice
perceptual identiﬁcation task (/b/ versus /d/) or (/a/ versus /o/) in
the presence of white noise by means of a button press by the left
thumb. Subjects were informed to respond quickly and accurately.
Button press order was counterbalanced. The white noise was
presented 1000–2500 ms (randomly jittered) prior to the onset of
the same phonetic speech sounds used in Experiment 1 (/ba/, bo/, /
da/, /do/). The white noise remained present for 1500 ms after initial
onset of the speech sound (see Fig. 3 for depiction of stimulus
presentation procedure). In order to account for greater perceived
loudness for /a/ stimuli over /o/ stimuli the /ba/ and /da/ stimuli
were presented at a 1 dB signal-to-noise ratio and the /bo/ and /do/
stimuli were presented at a 4 dB signal-to-noise ratio. In the passive
listening to noise without speech condition subjects were instructed
to listen to the white noise while ﬁxating on the cross presented on
the center of the screen and make no button response. The duration of
the white noise was matched to that of the active perceptual condition
(2500–4000 ms).
The stimuli for each condition were presented in blocks of six trials.
The instructions as to the task condition were given visually at the start
of each block for 1200 ms. The block duration was ﬁxed at 38 s. The time
between trials within a block was 2500–3000 ms (randomly jittered).
The active perceptual identiﬁcation condition was presented after each
subsequent block of either /vowel/ or /passive/ trials. There were
8 blocks in each run (4 active perception /b/–/d/, 2 passive listening to
noise, and 2 active perception /a/–/o/) and a total of 8 runs for the
entire experiment. Subjects remained in the scanner between runs
(resting for approximately 1 min) and were instructed not to move their
head. The order of the blocks was counterbalanced across runs.
fMRI data collection and preprocessing
The auditory stimuli were presented via MR-compatible Hitachi
ceramic transducer headphones (the delay in sound presentation
resulting from the presentation computers sound board was used to
determine actual onset time). Visual stimuli were presented by
projection via mirrors to a screen behind the head coil that could be
viewed by the subject by a mirror. Stimulus presentation was
controlled using Neurobehavioral System's Presentation software.
For functional brain imaging, Shimadzu-Marconi's Magnex Eclipse
1.5T PD250 was used at the ATR Brain Activity Imaging Center.

Functional T2* weighted images were acquired using a gradient echoplanar imaging sequence (echo time 55 ms; repetition time 2000 ms;
ﬂip angle 90°). A total of 20 sequential axial slices were acquired with
a 3.5 × 3.5 × 6 mm voxel resolution (one mm gap) covering the cortex
and cerebellum. A total of 152 scans were taken for a single run.
Images were preprocessed using programs within SPM2 (Wellcome
Department of Cognitive Neurology, UCL). Differences in acquisition
time between slices were accounted for, images were realigned and
spatially normalized to MNI space using a template EPI image
(3 × 3 × 3 mm voxels), and were smoothed using a 7 × 7 × 12 mm
FWHM Gaussian kernel. Regional brain activity for the various
conditions was assessed using a general linear model employing an
event-related design in which a modeled haemodynamic response
function HRF was convolved with the event predictors. High pass
ﬁltering (cutoff period 128 s) was carried out to reduce the effects of
extraneous variables (scanner drift, low frequency noise, etc.). Autoregression was used to correct for serial correlations. Contrasts
between the following four conditions were conducted for each
subject: correct consonant perceptual identiﬁcation (Correct); incorrect consonant perceptual identiﬁcation (Incorrect); correct vowel
perceptual identiﬁcation (Vowel); and passive listening to noise
(pasnoise). For each subject and run the number of correct trials
(consonant task) and vowel trials (only correct responses) was
matched to the number of incorrect trials (consonant task). A
minimum of three incorrect trials per run was necessary for inclusion.
Selection of trials was randomly made for each subject based on
matching for contrast type (/ba–da/ or /bo–do/) across the incorrect,
correct, and vowel conditions and duration of noise before the
stimulus was presented. Only 3 out of the 13 subjects had signiﬁcant
differences in button response time (the time from the onset of the
stimulus till the button press) between correct and incorrect
conditions. However, 10 subjects out of the 13 had signiﬁcant
differences in button response time between the correct and vowel
conditions as well as the incorrect and vowel conditions (see Results
and discussion). To reduce possible contamination of activity related
to the button response their onset times were convolved with a
haemodynamic response and used as a regressor of non-interest in
the analysis. Random-effects analyses were conducted on the
contrasts of interest (Correct, Incorrect, Vowel, and pasnoise). The
statistics used in the experiments reﬂect a voxel level FDR threshold of
p b 0.05 to correct for multiple comparisons over the entire brain. In

Fig. 3. Stimulus presentation procedure for Experiments 2 and 3. The speech stimulus (/ba/,/da/,/bo/, or /do/) was aurally presented randomly between 1000 and 2500 ms after
the onset of white noise. The white noise remained on for 1500 ms after the onset of the stimulus. The total duration of the white noise therefore ranged from 2500 ms to 4000 ms.
The stimuli were 120 ms in duration. The task for the subject was to determine if the stimulus begins with a /b/ or a /d/ and to respond with the left hand by button press. The time
between trials ranged from 2500 to 3000 ms. The 1000 ms before the white noise was presented was used as baseline for MEG analysis.
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the case where the FDR threshold was not signiﬁcant an uncorrected
threshold of p b 0.005 was used and additional theoretically motivated
region of interest analyses were conducted using a small volume
correction for multiple comparisons with a FDR threshold of p b 0.05.
The cluster size speciﬁed by the voxel extent parameter in SPM was
determined such that it had an uncorrected threshold of p b 0.05. The
use of an extent threshold was to avoid the scattered activation of very
small clusters across the brain.
The extent of scan-to-scan head movement in the x–y–z plane
between the three experimental conditions (correct, incorrect, and
vowel) was assessed. There was no signiﬁcant difference between the
various conditions for all subjects (Correct: mean= 0.1122, SD = .0791;
Incorrect: mean = 0.1150, SD = 0.0671; Vowel: mean = 0.1180,
SD = 0.0805; with the maximum being 0.25 mm across all subjects
and conditions) with the exception of just a single subject showing a
signiﬁcant difference for the correct relative to vowel contrast. Magnetic
susceptibility artifacts were minimized by the use of an event-related
design (Palmer et al. 2001) and the use of unwarping during the
realignment step of preprocessing (SPM2).
Results and discussion
Behavioral performance
Performance on the perceptual identiﬁcation task (consonant: /b/
versus /d/) and (vowel: /a/ versus /o/) in the presence of white
noise was evaluated by percent correct trials. Consonant identiﬁcation
task: Mean d prime = 1.76; SE= 0.19; Mean percent correct = 79.1%;
SE = 2.8%, (signiﬁcantly greater than chance; p b 0.05; df= 12). Vowel
identiﬁcation task: Mean d prime = 4.35; SE= 0.40; Mean percent
correct = 96.2%; SE = 1.3%, (signiﬁcantly greater than chance; p b 0.05;
df= 12). Behavioral performance for the consonant identiﬁcation task
was signiﬁcantly lower than that of the vowel identiﬁcation task (paired
T = 5.4; p b 0.05; df= 12). There was no signiﬁcant correlation between
behavioral performance (Mean percent correct 79.1%, SE 2.8%) for each
subject and the difference in correct minus incorrect button response
times on the consonant identiﬁcation task (Correct: mean 1.164 s, SE
0.071 s; Incorrect: mean 1.097 s, SE 0.087 s) (r = 0.21, p N 0.1). Neither
was there a signiﬁcant correlation between the difference in behavioral
performance of the consonant minus vowel tasks (Mean percent
correct: Consonant= 79.1%, SE = 2.8%; Vowel = 96.2%, SE = 1.3%) and
the difference in button response times for consonant (Mean response
time = 1.11 s; SE= 0.079 s) minus vowel (Mean response time =
0.870 s; SE = 0.046 s) tasks (r = −0.33, p N 0.1).
Brain imaging
The random-effects brain imaging results for the correct relative to
pasnoise contrast, the incorrect relative to pasnoise contrast, and the
vowel relative to pasnoise contrast are given in Figs. 4A–C and Table 2
(Correct: T = 3.06, pFDR b 0.05, spatial extent threshold = 35 voxels;
Incorrect: T = 23.61, pFDR b 0.05, spatial extent threshold = 25 voxels;
Vowel: T = 3.20, pFDR b 0.05, spatial extent threshold = 28 voxels;
spatial extent is selected based on uncorrected cluster level p b 0.05).
All three contrasts show very similar patterns of activity including the
PMvi, PMvs, anterior insula, SMA, M1/S1, STG, IPL, basal ganglia, brain
stem, and thalamus (Table 2). The random-effects brain imaging
results for the contrasts of correct relative to incorrect and correct
relative to vowel are shown in Figs. 5A–B (Correct − Incorrect:
T = 3.05, p b 0.005 uncorrected, spatial extent threshold = 37 voxels;
Correct − Vowel: T = 3.05, p b 0.005 uncorrected, spatial extent
threshold = 33 voxels). To avoid erroneous conclusions based on
differences in subthreshold activity, only voxels that were signiﬁcantly active for the correct relative to the control pasnoise condition
(Fig. 4A) were included in the results (Figs. 5A–B). Additional region
of interest analyses were carried out using small volume correction for

multiple comparisons within the sites deﬁned in Experiment 1
(combined PMvi and PMvs Figs. 2A–B; STG Fig. 2C; M1/S1 Fig. 2D).
Signiﬁcant differential activity between correct and incorrect conditions was present in the combined PMvi and PMvs ROI deﬁned by
activity present for both speech production and perception tasks in
Experiment 1 (T = 4.15, pFDR b 0.05, MNI coordinate − 54,3,27;
T = 3.42, pFDR b 0.05, MNI coordinate −54,0,36, Table 3). The small
volume correction region of interest analysis for the correct relative to
the vowel contrast also revealed signiﬁcant differential activity in the
PMvi/PMvs region (T = − 45,6,15, pFDR b 0.05, MNI coordinate
−45,6,15, Table 3). No signiﬁcant differential activity for small
volume correction analyses was present in the STG or M1/S1 regions
of interest (Figs. 2C–D) for the correct relative to incorrect, or correct
relative to vowel contrasts (Figs. 5A–B). At ﬁrst it may seem that our
results are at odds with those Binder et al. (2004) in which greater
activity was found to correlate with phonetic identiﬁcation performance in STG. However, in their study the signal-to-noise ratio of the
stimuli were varied and highly correlated with behavioral performance (better performance for stimuli with higher signal-to-noise
ratio). Therefore one could also interpret their result of greater
activity in STG to reﬂect processes involved with the greater degree of
complex acoustic feature information that is present in stimuli with
higher signal-to-noise ratios.
To ensure that the results of the fMRI analyses reported above
(Figs. 4–5) were not reﬂecting cognitive decision processes a
correlation analysis between button response time (thought to reﬂect
cognitive decision making processes (Binder et al., 2004)) and brain
activity was performed. There were no statistically signiﬁcant
(pFDR N 0.05, p N 0.005 uncorrected, spatial extent threshold p N 0.05
uncorrected) positive or negative correlations between button
response time and brain activity for correct relative to pasnoise (correct
button response time regressor), incorrect relative to pasnoise (incorrect
button response time regressor), vowel relative to pasnoise (vowel
button response time regressor), correct relative to incorrect contrasts
(correct minus incorrect button response time regressor) and correct
relative to vowel contrasts (correct minus vowel button response time
regressor).
The ventral PMC region (PMvi/PMvs) found in our study to
differentiate between correct and incorrect trials (Fig. 5A) and correct
and vowel identiﬁcation (Fig. 5B) have been shown in previous
studies to be active during a variety of tasks involving speech perception (Basirat et al., 2008; Callan et al., 2003a, 2000, 2004a; Skipper
et al., 2005; Wang et al., 2003) and speech production (Bohland and
Guenther, 2006; Callan et al., 2000; Wilson et al., 2004). Although we
ﬁnd peak activity in the PMvs in the same region (−46,−6,−45) as
found in Wilson et al. (2004) (− 51,−11,46) it is unclear why their
study did not also report activity in PMvi including the opercular part
of Broca's area as we found in this study. The inferior ventral PMC and
the opercular part of Broca's area is more in line with area F5 in the
non-human primate studies demonstrated to contain ‘Mirror Neurons’
considered to be the analogue of Broca's area (Rizzolatti and Arbib,
1998; Rizzolatti and Craighero, 2004). It is also adjacent to the motor
region representing the speech articulators (Pulvermuller et al., 2006).
The Wilson et al. (2004) study does report speech production peak
activity in the PMvi at (−56,−4,22) which is near the peak activity
found in our study (−48,6,14) from the conjunction analysis (Fig. 1D;
Table 1). It is entirely possible that the Wilson et al. (2004) study will
reveal signiﬁcant activity in the PMvi if a region of interest analysis is
conducted centered on the peak activity found in our study. Several
other studies have also found activity present in the PMvi during tasks
involving non-native phonetic perception (Callan et al., 2006b, 2003a,
2004a; Wang et al., 2003) and visual speech gesture perception (Callan
et al., 2003b; Paulesu et al., 2003; Calvert and Campbell, 2003; Bernstein
et al., 2002; Nishitani and Hari, 2002; Olson et al., 2002; Campbell et al.,
2001; Skipper et al., 2005; only to name a few). However, there are
many studies investigating speech perception that do not ﬁnd activity in
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Fig. 4. Result of random-effects fMRI analysis for Experiment 2. A. Correct relative to the pasnoise condition. B. Incorrect relative to the pasnoise condition. C. Vowel relative to the Pas
Noise condition. All results are shown using a threshold of pFDR b 0.05.

this region (Callan et al., 2006a, 2004b; MacSweeney et al., 2001; Calvert
et al., 1997, 1999, 2000; Wilson et al., 2004; Wilson and Iacoboni, 2006;
only to name a few). Although the tasks and conditions vary widely
throughout the many studies one general trend that may be responsible
for the ﬁnding of PMvi involvement in some studies and not in others is
the use of active tasks (consistent with ﬁndings of Gold et al., 2005, that
this region is involved with controlled phonetic processing). It may be
the case that the PMvi including Broca's is only active when predictive
coding is utilized. Our study included both active phonetic identiﬁcation
and passive listening to phonemes presented as monosyllables whereas
for example the Wilson et al. (2004) study only involved passive
listening to monosyllables. Although our passive conditions are quite
similar the inclusion of an active phonetic identiﬁcation task in our
study may have engaged processes related to predictive coding to a
greater extent than in Wilson et al. (2004). While it is also possible that
brain activity found in the anterior insula, SMA, and inferior parietal
lobule in the passive task (as well as in the conjunction analysis of all
three tasks in Experiment 1) may be in part a product of covert
production we do not believe the differences in correct and incorrect
trails and the differences in correct versus vowel trials in Experiment 2
are merely a result of covert production (see general discussion).
Experiment 3: MEG analysis of correct relative to incorrect performance
Subjects and stimuli
Subjects used in Experiment 3 were the same as those used in
Experiment 1. The order in which the subject participated in the fMRI
or MEG experiment was randomly determined.

The stimuli and experimental procedure was the same as that of
Experiment 2 (see Fig. 3) with the exception that in the active speech
condition a lower signal-to-noise ratio was used because of the
additional noise during fMRI scanning that was not present during
MEG recording. The /ba/ and /da/ stimuli were presented at a −1 dB
signal-to-noise ratio and the /bo/ and /do/ stimuli were presented at
a 2 dB signal-to-noise ratio.
MEG data collection and preprocessing
The auditory stimuli were presented via MR-compatible Etymotic
Research ER 30 Earphones (the delay in sound presentation resulting
from the presentation computers sound board and the length of the
air tube were used to determine actual onset time). Visual stimuli
were presented by projection to a screen in front of the subject.
Stimulus presentation was controlled using Neurobehavioral System's
Presentation software. The Yokogawa 208 channel MEG supine
position system at the ATR Brain Activity Imaging Center was used
to collect the data. A sampling rate of 1000 Hz was used with input
gain of × 5 and an output gain of ×100 using a high pass ﬁlter of 0.3 Hz
and a low pass ﬁlter of 200 Hz. To restrict head movement the subjects
were restrained using a strap across the forehead.
For each trial the MEG data was segmented 1000 ms prior to the
onset of the noise (baseline) and from 1000 ms pre and post onset of
the speech stimulus. For the passive noise condition stimulus onset
was determined to be 1500 ms prior to the end of the presentation of
the white noise. EEGLAB (Delorme and Makeig, 2004) was used to
preprocess the MEG data. The baseline was subtracted from the trials
and independent component analysis was conducted using principle
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Table 2
Experiment 2: MNI coordinates of peak activity of clusters (pFDR b 0.05).
Correct versus
pasnoise

Incorrect versus
pasnoise

Vowel versus
pasnoise

Brain region

MNI coordinate

MNI coordinate

MNI coordinate

Basal ganglia

− 21,9,−3
− 12,3,3
21,3,−3
0,−33,−42
9,−15,3
− 36,12,3
− 33,18,−3
36,18,−6
− 48,9,15
42,12,21
− 54,3,42
54,6,39
− 30,−3,51
6,27,48

− 21,9,−6
21,9,3

− 12,0,−3
21,6,3
27,−3,0
0,−33,−45
15,−18,3
− 36,12,3
39,24,6

Brain stem
Thalamus
Anterior insula

PMvi BA6 and 44
(including Broca's area)
PMvs BA 6
Dorsal PMC
SMA BA 6/Pre-SMA

M1/S1
STG BA22, transverse
temporal gyrus BA42,
MTG BA21

Inferior parietal lobule
BA40/43
Supramarginal gyrus
Superior parietal lobule

Parietal lobe precuneus
Cerebellum

36,−12,54
− 63,18,12
− 45,−30,3
63,−42,12
63,−33,3
57,−24,−9
− 63,−18,24
− 36,−39,45
− 36,−48,33
− 27,−63,39
36,−51,60
18,−66,54
− 12,−72,42
− 15,−57,−21
− 3,−60,−27
− 27,−60,−36
− 39,−48,−51

− 3,−33,−42
6,−12,0
− 36,12,3
39,15,−6
− 48,3,18
51,9,18
− 49,9,33
54,6,42
− 6,6,57
6,12,54
6,24,48
48,−18,48
− 63,−18,12
− 63,−24,6
63,−39,6
57,−21,−9
66,−48,18
− 63,18,21

− 48,6,18
45,9,18
− 48,6,33
54,6,36
− 27,0,57
− 6,9,63
9,9,54
39,−12,54
− 57,−30,9
63,−42,6
57,−18,−9
60,−21,9
52,−22,22
− 42,−45,36
60,48,22

− 28,−60,42

− 6,−69,48
15,−57,51
− 6,63,−21
− 15,−54,−21
− 27−60,−33
− 45,−45,−45
24,−66,−54
39,−54,−45
51,−51,−36

component reduction to 52 components. In total 8 runs using the
same procedure as Experiment 2 were recorded. Subjects remained in
the scanner between runs (resting for approximately 1 min) and were
instructed not to move their head. During this time measures of head
position were taken. Because there was very little head movement
within the MEG all 8 runs were concatenated for analysis (the mean
maximum head movement deviation throughout the 8 runs across the
16 subjects was 1.8 mm with SD = 0.7 mm and a maximum value of
2.9 mm). Artifact rejection was carried out over the independent
component activation waveforms. The rejection of entire components
was determined by ﬁrst ﬁnding components with over 20 trials with
outlier values (using a SD threshold of 10) or abnormal linear trends
(using a slope window width of 1000 points, a maxslope of 50, and a
minR of .3) and then inspecting the components topographic scalp
map as well as trial activity across time and the power spectrum for
characteristics of normal artifacts such as eye movement, eye blinks,
muscle activity, etc. Components deemed to be artifacts were
removed (the median number of components removed from each
subject was 8). Individual trials with outlier values (SD threshold of
20) were also removed from the data. Further analysis was conducted
over the same number of trials selected from the correct active perception condition, the incorrect active perception condition, and the
passive noise condition. Trials were selected to balance for each subject
the number of items for each contrast type /ba–da/ and /bo–do/, the
number of stimuli per run, the onset time, and the button response time
(p N 0.1 two-tailed for all subjects). Once these constraints were taken
into account trial selection was randomized.
The position of the head within the MEG was determined by the
use of ﬁve coils attached to the subject's head (one behind each ear,
and three across the forehead). The positions of the markers for the
coils on the face were measured by the Polhemus FastSCAN Cobra
system. This system obtains a 3D laser scan of the face as well as the
coordinate location for the ﬁve markers. In house Matlab software was
used to register the coordinate space of the 3D face image to the
subject's anatomical T1 MRI structural image. Given the position of
the 5 coils in reference to the MEG sensors the position of these
sensors can be registered in the coordinate space of the subject's
T1 MRI structural image. Brain Voyager software was used for

Fig. 5. fMRI results for correct perception relative to incorrect perception conditions. A. Signiﬁcant differential brain activity rendered on the surface of the brain for correct relative to
incorrect trials is present in PMC/Broca's (p b 0.005 uncorrected over entire brain; Region of interest analysis over PMC reveals activity is signiﬁcant at pFDR b 0.05). B. Signiﬁcant
differential brain activity rendered on the surface of the brain for correct relative to vowel trials (p b 0.005 uncorrected over entire brain; Region of interest analysis over PMC reveals
activity is signiﬁcant at pFDR b 0.05).
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Table 3
Experiment 2: MNI coordinates of peak activity of clusters.
Correct versus incorrect

Correct versus vowel

Brain region

MNI coordinate

MNI coordinate

Basal ganglia
Anterior insula

12,6,3

PMvi BA6 and 44
(including Broca's area)
PMvs BA 6
SMA BA 6

− 54,3,27

a

− 54,0,36a

− 30,24,0
42,15,−3
− 45,6,15a
− 57,3,39
− 51,9,36
6,18,60

a
Denotes activity signiﬁcant at pFDR b 0.05 using a small volume correction for
multiple comparisons within the region of interest of combining PMvi and PMvs given
in Figs. 4A–B.

segmentation of the cortex in order to obtain vertex points for the
MEG leadﬁeld model within the same coordinate space as the MRI
anatomical image for which the MEG sensor positions have been
coregistered. The leadﬁeld model was estimated using the Sarvas
equation (Sarvas, 1987). Source localization was conducted using a
variational Bayesian technique that utilizes fMRI prior information as
constraints (VBMEG). See Sato et al. (2004), and Yoshioka et al.
(2008), for a detailed description of VBMEG as well as its tested
accuracy of source localization.
The fMRI data of Experiment 1 was used to deﬁne constraints for
VBMEG analysis as well as to specify ROIs (Figs. 1 and 2). The T map
for each subject's speciﬁc fMRI event-related analysis of the active
perception condition relative to rest (Experiment 1: Threshold at
p b 0.005 uncorrected, spatial extent = 25 voxels) was used as
constraints for VBMEG analysis (VBMEG parameters: variance
magniﬁcation factor = 100, conﬁdence parameter = 500, these are
the same values as used in Yoshioka et al., 2008; windows for analysis
were from −2000 to −1501, −1750 to − 1251, − 1500 to − 1001,
−1000 to − 501, −750 to −251, −500 to −1, −250 to 249, 0 to 499,
250 to 749, and 500 to 999; baseline period −2000 to −1001; and
stimulus onset at 0). VBMEG analysis estimated current activity over
the entire cortex.
The individual brain anatomy speciﬁc voxels (specifying the vertex
points for single trial VBMEG analysis) for the regions of interest
including PMvi, PMvs, STG, and M1/S1 (Given in Figs. 2A–D) were
determined using the following method: The coordinates of the ROI
from the random-effects analysis (Figs. 2A–D) were projected onto
each subject's cortex using their individual speciﬁc normalization
parameters given by SPM. The intersection of these coordinates with
the ﬁxed effect individual speciﬁc fMRI activity for the active
perception condition relative to rest (p b 0.005) is then determined
to deﬁne the vertex values of the ROI for each individual on their own
brain anatomy. The PMvi and PMvs ROIs had the additional constraint
of requiring ﬁxed effect individual speciﬁc fMRI activity for the speech
production condition relative to rest (p b 0.005).
Time–frequency analyses were carried out using event-related
spectral perturbation ERSP (EEGLAB, Delorme and Makeig, 2004). The
single trial current for all three conditions (correct perception,
incorrect perception, passive noise) from − 1000 to +1000 ms for
the vertex point in each ROI with the largest mean post onset value
were entered into the time–frequency analysis (time–frequency
analysis parameters: wavelet 0-padded DFTs, 3 cycles at lowest
frequency (11.7 Hz) to 25.6 cycles at highest frequency (200 Hz);
window size was 285 samples; time–frequency matrix 100 × 49 pixels
denoting 11.7 to 200 Hz and −857 to + 857 ms). The time range from
−250 to 650 ms and the frequency range from 11 to 130 Hz (31 × 53
pixels) were extracted from the time–frequency analysis results for
further statistical analysis. The mean value across time for the passive
noise condition for each subject was used as a baseline and
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statistically subtracted from the correct perception and incorrect
perception conditions (Paired t-test, N = 16). Additionally, the correct
perception and incorrect perception conditions were statistically
compared (Paired t-test, N = 16).
Results and discussion
Behavioral performance
Performance on the perceptual identiﬁcation task (consonant: /b/
versus /d/) and (vowel: /a/ versus /o/) in the presence of white
noise was evaluated by percent correct trials. Consonant identiﬁcation
task: Mean d prime = 1.11; SE = 0.10; Mean percent correct = 70.1%;
SE = 1.6%, (signiﬁcantly greater than chance; p b 0.05; df = 15). Vowel
identiﬁcation task: Mean d prime = 3.54; SE = 0.30; Mean percent
correct = 94.0%; SE = 1.1%, (signiﬁcantly greater than chance;
p b 0.05; df = 15). Behavioral performance for the consonant identiﬁcation task was signiﬁcantly lower than that of the vowel
identiﬁcation task (paired T = 5.9; p b 0.05; df = 15). Similar to
Experiment 2, there was no signiﬁcant correlation between behavioral performance (Mean percent correct 70.1%, SE 1.6%) for each
subject and the difference in correct minus incorrect button response
times on the consonant identiﬁcation task (Correct: mean 0.941 s,
SE 0.037 s; Incorrect: mean 0.978 s, SE 0.036 s) (r = − 0.003, p N 0.1).
Neither was there a signiﬁcant correlation between the difference in
behavioral performance of the consonant minus vowel tasks (Mean
percent correct: Consonant = 70.1%, SE = 1.6%; Vowel = 94.0%,
SE = 1.1%) and the difference in button response times for consonant
(Mean response time = 0.83 s; SE = 0.033 s) minus vowel (Mean
response time = 0.960 s; SE = 0.036 s) tasks (r = − 0.05, p N 0.1).
Brain imaging
The results of the time–frequency analysis (ERSP) of the MEG
current localized to the PMvi (Fig. 2A) is given in Figs. 6A–C. The
correct perception relative to the pasnoise contrast showed signiﬁcant
(pFDR b 0.05 two-tailed paired t-test; corrected across entire matrix
31 × 53) event-related desynchronization ERD peaks around 200 ms
prior to stimulus onset as well as 200 ms after stimulus onset
extending out to 650 ms in the alpha, beta, and low gamma range 11.7
to 35 Hz as well as a high frequency 115 Hz peak ERD around 500 ms
(Fig. 6A). Additionally, a signiﬁcant event-related synchronization ERS
occurring around 50 ms post stimulus for the correct perception
condition was found in the 100 Hz range (Fig. 6A). For the incorrect
perception relative to the pasnoise contrast (pFDR b 0.05 two-tailed
paired t-test; corrected across entire matrix 31 × 53) peak ERD are
present at 350 and 570 ms after stimulus onset in the alpha, beta, and
low gamma range 11.7 to 35 Hz (Fig. 6B). For the vowel perception
relative to the pasnoise contrast (pFDR b 0.05 two-tailed paired t-test;
corrected across entire matrix 31 × 53) event-related desynchronization ERD peaks at 150 ms after stimulus onset and at 250 ms after
onset extending out to 600 ms in the alpha, beta, and low gamma
range 11.7 to 35 Hz (Fig. 6C). Signiﬁcant event-related synchronization ERS peaks occurred around 280 ms post stimulus around 105 Hz
and at 600 ms around 60 Hz (Fig. 6C). To ensure that the results of the
ERSP analyses reported above (Figs. 6–7) were not reﬂecting cognitive
decision processes a correlation analysis between button response
time (thought to reﬂect cognitive decision making processes (Binder
et al., 2004)) and brain activity was performed. There were no
signiﬁcant positive or negative correlations (pFDR N 0.05) between
ERSP and button response time for the correct relative to pasnoise
(correct button response time regressor), incorrect relative to
pasnoise (incorrect button response time regressor), vowel relative
to pasnoise (vowel button response time regressor), as well as correct
relative to incorrect contrasts (correct minus incorrect button
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Fig. 7. Random-effects results of the MEG time–frequency event-related spectral
perturbation ERSP analysis across single trials within PMvi for Correct relative to
Incorrect trials. Dark colors on plot denote activity signiﬁcant at pFDR b 0.05; light colors
denote activity signiﬁcant at p b 0.05 uncorrected.

response time regressor) in any of the regions of interest (PMvi, PMvs,
STG, and M1/S1).
The contrast of primary interest, correct perception relative to
incorrect perception, is given in Fig. 7. When correcting for multiple
comparisons across the entire matrix (pFDR b 0.05 two-tailed) a
signiﬁcant ERS was found to occur in the 100 Hz range 100 ms prior
to stimulus onset and a signiﬁcant ERD was found immediately prior
to stimulus onset in the 110 Hz range. Using the combined activity
from the correct perception and incorrect perception contrasts (at
p b 0.0034 uncorrected; value of uncorrected p corresponding to pFDR
for the correct relative to pasnoise contrast) as a ROI, a SVC analysis
was conducted comparing the correct perception relative to the
incorrect perception condition (Fig. 7; pFDR b 0.05 two-tailed;
uncorrected p b 0.0026). The results of the SVC analysis show
signiﬁcantly greater ERD 200 ms prior to stimulus onset and 400 ms
to 570 ms post stimulus in the high alpha, beta and low gamma range
14–32 Hz. Additional ERD occurs at 500 ms post stimulus onset in the
115 Hz range (Fig. 7). The time–frequency analyses carried out
between the correct perception and incorrect perception conditions
for the PMvs (Fig. 2B), STG (Fig. 2C) and M1/S1 (Fig. 2D) did not
reveal any signiﬁcant activity using the same analysis procedure as
conducted for the PMvi. The ERSP analysis of the correct relative to
vowel contrast did not reveal any signiﬁcant activity (pFDR N .05) for
PMvi, PMvs, STG, or M1/S1.
While fMRI provides excellent spatial resolution its temporal
resolution is somewhat limited. EEG and MEG allows for oscillatory
patterns of activity to be investigated both before and after stimulus
presentation. Several EEG, and MEG studies have identiﬁed that
prestimulus activity is related to attention and behavioral perceptual
performance. A decrease in alpha power (ERD) prior to stimulus onset
is predictive of better visual perception performance (Hanslmayr
et al., 2007; van Dijk et al., 2008; Yamagishi et al., 2008). It has been
proposed that alpha activity may reﬂect an inhibitory ﬁlter mechanism mediated by top-down attentional control (Klimesch et al.,
Fig. 6. Random-effect results of the MEG time–frequency event-related spectral
perturbation ERSP analysis across single trials within PMvi: A. Correct relative to
pasnoise condition. B. Incorrect relative to pasnoise condition. C. Vowel relative to
pasnoise condition. Red denotes event-related synchronization; Blue denotes eventrelated desynchronization. Dark colors on plot denote activity signiﬁcant at pFDR b 0.05;
light colors denote activity signiﬁcant at p b 0.05 uncorrected.
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2007). A release from inhibition, signiﬁed by an ERD, allows for
improved processing by the spreading of activity that serves to ready
the system for coding of incoming information (Klimesch et al., 2007;
Pfurtscheller and Lopes da Silva, 1999; Yamagishi et al., 2005, 2008).
In our study, a signiﬁcant ERD was seen prestimulus as well as after
the offset of stimulus presentation for both correct and incorrect trials
(Figs. 6A–B). The alpha and beta ERD 200 ms prior to stimulus onset as
well as 400–550 ms after stimulus onset were found to be signiﬁcantly larger for correct over incorrect trials (Fig. 7). Our results are
consistent with the hypothesis that greater disinhibition of alpha
activity in PMC/Broca's results in activation of control processes
involved with phoneme articulation used to facilitate speech
perception.
EEG studies have also shown that high frequency activity (N40 Hz)
can predict performance (Gonzalez-Andino et al., 2005; Hanslmayr
et al., 2007). In our study we ﬁnd a signiﬁcant 100 Hz ERS
approximately 50 ms after stimulus onset for correct trials (relative
to the passive listening to noise condition) (Fig. 6A), whereas for
incorrect trials no signiﬁcant ERS was found. Correct trials additionally
showed a signiﬁcant 115 Hz ERD (relative to the passive listening to
noise condition) approximately 500 ms after stimulus onset (Fig. 6A).
For correct over incorrect trials we ﬁnd signiﬁcant differential ERS and
ERD prior to stimulus presentation as well as an ERD 600 ms after
stimulus presentation in PMC/Broca's (Fig. 7). Our results are
consistent with previous studies showing the involvement of high
frequency gamma activity in the inferior frontal gyrus (overlapping
with the PMC/Broca's found in our study) during speech perception
and production of vowels (Callan et al., 2000) as well as for the verbal
transformation speech effect for two patients implanted with
electrodes (Basirat et al., 2008). Gamma activity is thought to mediate
both feed-forward bottom up processing of information important for
binding of perceptual features (Hanslmayr et al., 2007) as well as,
especially for very high frequency activity (N80 Hz), top-down
attentional control related to stimulus discrimination (Lenz et al.,
2008) and selective attention (Ray et al., 2008) that is performance
related (Gonzalez-Andino et al., 2005). In agreement with these
studies, the greater ERD and ERS for correct over incorrect trials found
in our study, may reﬂect attentional modulation related to selection
and inhibition of articulatory neural processes that place constraints
on perception and facilitate performance.
The lack of a signiﬁcant difference between correct and incorrect
trials in STG and M1/S1 would tend to shed doubt on the hypothesis
that differential activity in the PMC/Broca's was just an artifact of
current arising from these regions. Additionally, high frequency
activity associated with motor responses only occurs over contralateral sensorimotor cortex (Crone et al., 1998). In our study, subjects
responded with their left thumb therefore, one would not expect the
left PMC to be active during such a movement. Additional support that
our MEG analysis reﬂects differences in activity in the PMC and not
from some artifact or activity arising from elsewhere is that the results
of the fMRI study (Experiment 2: Fig. 5A) only revealed activity in the
PMC and nowhere else in the brain to differentiate correct from
incorrect trials.
Discussion
The results of the three experiments conducted in this study
strongly suggest that the ventral PMC including the opercular part of
Broca's area identiﬁed as having mirror system properties is an
inﬂuential part of the perceptual system that is involved in facilitating
performance. Both the fMRI (Experiment 2; Figs. 4–5) and MEG
results (Experiment 3; Figs. 6–7) indicate signiﬁcant differential
activity for correct over incorrect trials within the ventral PMC/
Broca's area. This region was found by conjunction analysis to be
present during speech production, active speech perception in which
a button response was required for phonetic identiﬁcation, and during
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passive speech perception of the same phonemes (Experiment 1;
Fig. 3). The presence of neural activity during action observation and
action execution are hallmarks of the mirror system (Iacoboni, 2005;
Iacoboni and Dapretto, 2006; Rizzolatti and Craighero, 2004). These
results are highly relevant in that they dispel concerns that the
activity found in brain regions involved with motor planning and
execution during perception are merely a result of covert production
of the perceived speech stimulus arising from a perceptual system
upon which no inﬂuence is exerted. Additionally the results have
ramiﬁcations with respect to predictions made by direct realist and
constructivist theories of speech perception.
Several results in this study lend support to constructivist theories
of speech perception and are somewhat contrary to direct realist
theories of speech perception. The constructivist theory asserts that
the ‘mirror system’ will be engaged to a greater extent in predictive
coding the more difﬁcult the task. In this experiment, the white noise
degraded consonant information much more than vowel information
(This is reﬂected in the overall behavioral results during fMRI,
Consonant task: 79.1%; Vowel task: 96.2%). Therefore, the constructivist theory predicts that the correct condition should show greater
‘mirror system’ activity than the vowel condition. In contrast, the
direct realist theory asserts that the ‘mirror system’ will be engaged in
relation to the amount of information in sensory stimulation that
affords the speech gesture. Therefore, accordingly the vowel condition
should show greater ‘mirror system’ activity than the correct
condition. The results of Experiment 2 show that PMC/Broca's is
more active for the correct relative to incorrect contrast as well as for
the correct relative to vowel contrast (Figs. 5A–B). These results
support the constructivist theory of speech perception suggesting that
the ‘mirror system’ is engaged differentially based on the extent that
articulatory–auditory (sensory) information can be used as a
predictive constraint to facilitate perception.
The constructivist theory asserts that prediction based on
articulatory constraints are used to facilitate speech perception
(top-down or recurrent processing), therefore one may expect the
system to be active prior to stimulus onset. The direct realist theory
asserts that the conﬁguration of the properties in sensory stimulation
specify the afforded percept (bottom up processing), therefore one
would only expect activity concurrent with stimulus onset. Consistent
with the prediction of constructivist theory the results of the time–
frequency analysis within PMvi indicate signiﬁcant differential
activity between correct and incorrect trials prior to stimulus onset
(Fig. 7) suggesting that the mechanism of the mirror system may
involve predictive coding consistent with utilization of an internal
model (Callan et al., 2003a,b, 2004a; Iacoboni and Wilson, 2006a,b;
Iacoboni, 2008). It has been proposed that the motor system (more
speciﬁcally the mirror system) may be utilized for perceptual
anticipation and prediction to facilitate performance (Blackemore
and Frith, 2005; Chaminade et al., 2001; Kilner et al., 2007; Lamm
et al., 2007; Schubotz, 2007). It should be noted that although there is
considerable evidence that PMC/Broca's is involved with articulatory
planning the utilization of an internal model to carry out this
constructive process is just one of many possible mechanisms that
may be utilized.
We maintain that the primary ﬁnding in our study of greater PMC/
Broca's activity for correct over incorrect trials reﬂects greater
involvement of the ‘mirror system’ in facilitating action recognition.
However, alternatively, it may be possible that the incorrect trials
reﬂect a failure of the auditory perceptual system such that the subject
will perform the required button press without performing any covert
production of a percept as is done for correct trials. One could
conjecture that correct trials tax more working memory and subvocal
rehearsal strategies resulting in covert production which is known to
activate similar speech motor regions as was found in our study
(Rogalsky et al., 2008). There are several reasons why we do not
believe this to be the case: 1. No signiﬁcant differential activity
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between correct and incorrect trials was found in auditory perceptual
regions for the fMRI (Fig. 5A) or the MEG experiments. If the response
in Broca's/PMC was merely covert production of a correct percept of
the auditory system one would expect brain regions involved with
auditory aspects of speech processing to show differential activity
between correct and incorrect trials. 2. The MEG results show activity
in PMvi differentiating correct versus incorrect responses before as
well as early after stimulus onset (Fig. 7). These results suggest that
the ‘mirror system’ may be involved with predictive coding such as
that of an internal model. 3. There is no reason to assume that
phenomenological ambiguous speech percepts denoting incorrect
trials would be covertly produced less than trials with more
phenomenological apparent speech percepts. In fact research on
perception of non-native phonetic contrasts suggests greater activity
in PMC/Broca's as well as auditory speech processing regions (Callan
et al., 2003a, 2004a; Wang et al., 2003). 4. The contrast of the correct
versus the vowel condition (also reﬂecting correct responses)
showing signiﬁcant differential activity in the PMC/Broca's (Fig. 5B)
suggests that the results are not just merely a reﬂection of covert
production of phenomenological apparent speech percepts.
The results of this experiment strongly suggest that there is a
motor component to speech perception. This is exempliﬁed by greater
activity for correct over incorrect responses found in both fMRI and
MEG studies (Figs. 5A and 7). One could interpret these results as
support for the position that recruitment of predictive articulatorybased processes is fundamental for perceptual success. Correct
responses associated with greater activity utilize these processes
whereas incorrect responses where perception fails do not utilize
these processes. However, activity in PMvi does not appear to be
modulated just by intelligibility but also based on task demands. This
is shown by greater activity for the consonant correct relative to
vowel correct contrast (Fig. 5B). These results would seem to be
consistent with the hypothesis that articulatory-based processes are
only used when there is insufﬁcient bottom up information available
for purely perceptual processes to succeed (contrary to stronger
motor theory positions stating that it is necessary for perception).
Consistent with this hypothesis Binder et al. (2004) showed that by
decreasing the signal-to-noise ratio of the stimuli that the relative
contributions of the auditory area reﬂecting complex acoustic speech
feature processing decreased (as did intelligibility) and conversely
that activity in Broca's area increased perhaps reﬂecting greater
processing demands of predictive articulatory-based processes.
However, one cannot, completely discount the possibility that
articulatory processes are necessary for speech perception based on
our results alone as activity was present in speech motor areas (PMvi)
for all conditions including passive and active consonant as well as
vowel conditions for all our experiments (Figs. 1, 4–7). Additionally
while our results suggest that processing in PMvi is task dependant
the activity is also important for perceptual performance and is not
merely a result of differential activation of general cognitive
mechanisms involved with subvocal rehearsal (see arguments
above). Neither can the activity in PMvi be explained by greater
decision processes independent of performance as a correlation
between brain activity and button response time (considered to
reﬂect decision processes (Binder et al., 2004)) was not found to be
statistically signiﬁcant.
The task dependent nature of activity in the PMvi suggests that the
articulatory-based processes that facilitate perception are used to a
greater extent when the auditory information is degraded. One may use
this task dependency to claim that articulatory-based processes are not
fundamental to speech perception but only help to facilitate auditorybased speech perception under certain conditions (Lotto et al., 2009).
Supporters of this position would claim that the true fundamental
processes involved with speech perception are discerned by listening to
clear speech presented without noise (so called normal speech).
However, in fact ‘normal’ speech perception that we experience in

real-world conditions almost always occurs in the presence of
background noise. The neural processes whether they be domain
speciﬁc or general that evolved to accommodate speech perception
were shaped based in an environment full of noise rather than in silence.
Therefore, consistent with the results of our experiment in which speech
intelligibility was only found to be predicted by activity in PMC and not
in auditory areas (Figs. 5A and 7), one could conjecture that articulatorybased processes are fundamental to speech perception under ordinary
listening conditions in which noise is present. Further research needs to
be conducted to determine the extent to which PMC mediate and/or
facilitate speech perception under silent background conditions.
Given the task dependent nature of the processing of auditory and
speech motor regions to speech intelligibility the question arises as to
what mediates the contribution of the various systems. It is likely that
both bottom up stimulus driven processes as well as top-down
attention processes are utilized. Consistent with the theory of
neuronal group selection (Edelman, 1987, 1989; Edelman and Tononi,
2000), it is conjectured that perceptual categorization is made
possible by global mappings composed of degenerate neural mapping
systems (both auditory- and motor-based, that are localized in
different brain regions) as well as limbic and value based neural
systems. The degenerate auditory-based and motor-based neural
systems process the information available in stimulation differently. It
is the properties of the stimulus itself that serve to select in part which
degenerate neural processes are predominantly used for perception. It
is further hypothesized that task dependent attention can modulate
selection and inhibition of the various degenerate neural systems. Our
ﬁnding of a signiﬁcantly greater alpha ERD for correct over incorrect
trials before stimulus onset is consistent with an attentionally
modulated ﬁlter mechanism (Klimesch et al., 2007) that modulates
(via a release from inhibition) selection and inhibition of articulatory
neural processes that place constraints on perception and facilitate
performance.
The results of the three experiments of this study strongly support
the hypothesis that the brain regions involved with action production
are an integral part of the perception system serving to facilitate
performance. Our results have far reaching implications bringing for the
ﬁrst time performance related support to brain imaging studies
proposing that action perception is mediated by brain regions involved
with action production. Furthermore, our results represent a key piece
of evidence validating previous research espousing the use of brain
regions responsive to action production and perception (mirror system)
as instantiating neurophysiological mechanisms underlying a variety of
abilities ranging from the embodiment of language (Glenberg and
Kaschak, 2002; Glenberg et al., 2008; Rizzolatti and Arbib, 1998), and
cognition (Garbarini and Adenzato, 2004) to explanation of disorders
such as autism (Dapretto et al., 2006). The results of our experiments are
consistent with constructivist type processes (internal model) and not a
result of direct perception (direct realism). The ﬁnding that ventral
PMC/Broca's activity differentiates correct from incorrect trials prior to
stimulus onset is consistent with the view that the mirror system
instantiates internal models involved in anticipatory prediction and
selection in order to support performance (Kawato, 1999; Oztop et al.,
2005; Wolpert et al., 2003). The ability to predict future performance
based on prestimulus activity has implications for brain machine
interfaces in which manipulative neuroscience could be used to enhance
behavioral and learning performance.
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