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Abstract: The voice we most often hear is our own, and proper interaction between speaking and hearing
is essential for both acquisition and performance of spoken language. Disturbed audiovocal interactions
have been implicated in aphasia, stuttering, and schizophrenic voice hallucinations, but paradigms for a
noninvasive assessment of auditory self-monitoring of speaking and its possible dysfunctions are rare.
Using magnetoencephalograpy we show here that self-uttered syllables transiently activate the speaker’s
auditory cortex around 100 ms after voice onset. These phasic responses were delayed by 11 ms in the
speech-dominant left hemisphere relative to the right, whereas during listening to a replay of the same
utterances the response latencies were symmetric. Moreover, the auditory cortices did not react to rare
vowel changes interspersed randomly within a series of repetitively spoken vowels, in contrast to regular
change-related responses evoked 100–200 ms after replayed rare vowels. Thus, speaking primes the
human auditory cortex at a millisecond time scale, dampening and delaying reactions to self-produced
“expected” sounds, more prominently in the speech-dominant hemisphere. Such motor-to-sensory prim-
ing of early auditory cortex responses during voicing constitutes one element of speech self-monitoring
that could be compromised in central speech disorders. Hum. Brain Mapping 9:183–191, 2000.
© 2000Wiley-Liss, Inc.
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INTRODUCTION

Through our lifetime, we are exposed to WYHIWYS
(“What You Hear Is What You Said”) events. This

repeated input can imprint our auditory system so as
to optimally process our own utterances. In this re-
spect, single unit recordings in primary auditory cor-
tex have identified specific response patterns related
to replayed phonemes [Steinschneider et al., 1994;
Wang et al., 1995], and, in particular, neurons in the
nonprimary auditory cortex have been shown to pre-
fer increasingly complex acoustic stimuli such as com-
munication calls uttered by members of the social
group [Rauschecker et al., 1995]. Therefore, auditory
cortices hold a key position also for the self-monitor-
ing of a speaker’s own ongoing speech which is nec-
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essary for normal speech acquisition of infants [Deal
and Haas, 1996]. Such monitoring might utilize a cir-
cuitry that matches motor speech output (“efference
copy”) with its auditory sequelae (“reafference”)
[Sperry, 1950; von Holst and Mittelstaedt, 1950]. Arti-
ficial interference with this matching (e.g., by delayed
or deformed auditory feedback) [Chapin et al., 1981;
Hirano et al., 1997; Houde and Jordan, 1998; Lee,
1950], can strongly affect speech even in normal
adults. One possible mechanism for motor-to-sensory
priming has been described in auditory cortices of
subhuman primates where about 50% of call-respon-
sive neurons were inhibited during phonation [Mül-
ler-Preuss and Ploog, 1981]. Some human cerebral
blood flow (CBF) studies have been interpreted to
indicate speech-related inhibition in human auditory
cortices in parallel to these monkey data [Hirano et al.,
1997; Paus et al., 1996; Wise et al., 1999] but others
described undiminished activation during speech
[e.g., McGuire et al., 1996].

The CBF studies evaluate task-specific regional flow
modulations integrated over tens of seconds. We
therefore recorded voicing-related auditory evoked
fields exploiting the high time resolution of magne-
toencephalography (MEG) to elucidate cortical senso-
rimotor interaction in humans at the millisecond time-
scale, typical for ongoing speech [Hämäläinen et al.,
1993; Hari, 1990]. The MEG approach allows analysis
of fast intermediate steps in the cerebral processing of
single phonemes. We report a transient voicing-
related activation of the human auditory cortex. Spe-
cifically, we demonstrate interactions between phona-
tion and audition to occur within the first 200 ms
following a self-uttered vowel: the very act of speak-
ing modifies responses generated in the auditory cor-
tex in both hemispheres, but does so more strongly in
the speech-dominant left hemispheres of our right-
handed subjects.

MATERIALS AND METHODS

Subjects and task

Eight right-handed volunteers (five male, three fe-
male; 23–39 years) were studied after informed con-
sent. They were first familiarized to a random series of
frequent low (80%; 1000 Hz) and rare high (20%; 1400
Hz) squarewave sounds, presented once every 1 sec.
They were then asked to utter two vowels [frequent
/a/ and rare /ae/] in a comparable series but without
counting. To minimize breathing artifacts, 15–25 vow-
els were uttered within each expiration phase, fol-
lowed by a comfortable resting interval. This SPEECH

task was stopped by the experimenter after 100 rare
vowels. The voice of the subject was recorded contin-
uously on a digital audiotape (10 Hz–20 kHz; 48 kHz
sampling frequency). Prior to the next condition with
binaural REPLAY of these tape-recorded vowels, each
subject adjusted the input volume to equalize the per-
ceived loudness of her replayed vowels and her own
voicing; the subjects optimized this comparison by
speaking vowels syncopatingly between REPLAYed
vowels. Then subjects were told to listen silently and
with intentionally fully relaxed articulators (tongue,
mandible) to the complete REPLAYed vowel series
and to estimate, again without counting, whether they
had performed the task as required.

Magnetoencephalography

During both the SPEECH and REPLAY conditions,
neuromagnetic fields were recorded continuously in-
side a magnetically shielded room with a helmet-
shaped 122-channel magnetometer covering the whole
scalp. The subjects were sitting upright with their
heads comfortably resting against the posterior inner
wall of the helmet [Ahonen et al., 1993]. The MEG
recording passband was 0.03–200 Hz and the sam-
pling rate 609 Hz. In addition to the DAT voice
records used for REPLAY, the subject’s voice was
recorded in an extra electric channel of the MEG ac-
quisition system. Because this voice record was ob-
tained simultaneously with the MEG and stored to-
gether in one data file, trigger points indicating the
occurrence of vowels in relation to the ongoing MEG
could be defined (see below). Because the MEG pass-
band covered the range of fundamental voice frequen-
cies for all speakers, it was used also for this audio
record.

Data analysis

The triggers needed for averaging the MEG re-
sponses to vowel onsets were defined as time points
when the rectified audio record signal rose signifi-
cantly above its noise level. These triggers were found
to lag the real vowel onset—as defined by an averaged
vowel signal from the audio channel—by at least 10
ms. This systematic trigger delay did not affect the
analysis presented below because the trigger points
were identical for SPEECH and REPLAY conditions,
as they were determined from the very same audio
record. Furthermore, for REPLAY, the additional de-
lay caused by sound conduction from the mini-loud-
speaker through a plastic tube to the earpieces was
taken into account in the off-line analysis. Selective
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subaverages were then calculated for the frequent /a/
vowels and the rare /ae/ vowels. The MEG responses
were band-pass filtered at 5–20 Hz to remove slow
artifacts arising from head, breathing or articulator
movements and from slow motor-related brain activ-
ities (Fig. 1A). The magnitudes of the local field gra-
dients were calculated as spatial averages from 12
temporal-lobe sensor locations over the right and the
left hemispheres (inset in Fig. 1C).

The first major auditory response peaking later than
80 ms following the vowel onset was labeled M100 in
each of these two averaged signals. The right and left
hemisphere M100 amplitudes were determined with
respect to a prestimulus baseline, defined as the mean
level between 2300 ms and 2100 ms prior to vowel
onset. Given the narrow passband, M100 may include
overlap from immediately preceding and following
responses. M100 peak latencies and amplitudes were
determined for each subject, hemisphere, and condi-
tion, and were first evaluated using a two-factor
ANOVA with Condition (REPLAY vs. SPEECH) and
Hemisphere (left vs. right) as factors; the final evalu-
ation (planned comparisons) was performed using

two-tailed Wilcoxon signed-ranks tests for dependent
variables.

Additional (“change-related”) responses to infre-
quent vowels were determined from difference curves
where responses to frequent /a/ vowels had been
subtracted from responses to rare /ae/ vowels; these
signals were filtered at 1–20 Hz. Because of the low
signal-to-noise ratio, the amplitudes for change-re-
lated responses were defined here as mean values
100–200 ms following vowel onset; this time window
also covered a fair amount of possible peak latency
jitter between conditions and subjects.

Because the MEG helmet system comprises planar
gradiometers that detect maximal signals directly over
a current dipole [Ahonen et al., 1993], M100 is sup-
posed to be generated beneath the temporal-lobe
channels showing the most prominent responses. In
addition, equivalent current dipoles (ECDs) were used
to model the “centers of gravity” of the distributed
neuronal populations contributing to the M100 re-
sponse [Hari, 1990]. Two ECDs, one for each hemi-
sphere, were fitted independently to the field distri-
butions in a subset of 24 channels over each temporal

Figure 1.
Averaged magnetic brain responses to vowels. Signals from single
sensors in (A) and (B), and spatial average from 12 sensor loca-
tions in (C); see shadowed areas on the helmet surfaces. (A1)
Wide-band auditory evoked responses of one subject to self-
uttered vowels from right temporal area; thick lines illustrate
responses without masking and thin lines with binaural noise
masking. (A2) The same responses as in (A1) but band-pass
filtered through 5–20 Hz. (B) Band-pass filtered responses of the
same subject as in (A) to self-uttered (thick line; SPEECH) and
replayed (thin line; REPLAY) vowels from the left (B1) and right

(B2) temporal areas. (C) Change-related magnetic responses
evoked by the rare (20%) /ae/ vowels embedded in a series of
frequent (80%) /a/ vowels during the REPLAY (thin line) and
SPEECH (thick line) conditions from the left (C1) and right (C2)
hemispheres. The responses are grand averages (eight subjects) of
the individual spatial averages of the difference field amplitude
(response to /ae/—response to /a/). Right panels: Generator sites
of the M100 responses to self-uttered (white) and replayed vowels
(black) displayed for one subject, superimposed on her MRI slices.
Responses were modeled with current dipoles [Hari, 1990].
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lobe at the latency of the M100 peak of the mean field
power in this channel subset; the time points for ECD
fitting were determined separately for SPEECH and
REPLAY recordings. For source identification [Hämä-
läinen et al., 1993], spherical head models were indi-
vidually determined on the basis of magnetic reso-
nance images (MRIs) that were available for seven of
the eight subjects.

RESULTS

Speech performance

In the SPEECH condition, each subject was in-
structed to utter self-paced frequent vowels /a/ (tar-
get frequency: 80%) with randomly interspersed rare
vowels /ae/ (20%) at a rate of about one vowel per
second. They uttered vowels with an average time
period from vowel onset to vowel onset of 700 ms, a
vowel duration of about 200 ms, and an average oc-
currence of 18.9% deviant vowels (range 15.2–24.5%).

MEG responses [“M100”]

When MEG signals were averaged with respect to
onsets of the REPLAYed vowels, typical M100 re-
sponses, peaking about 100 ms after the onset of fre-
quent /a/ vowels, were observed over both temporal
lobes of all eight subjects. As a novel finding, compa-
rable MEG responses, time-locked to voice onset, were
detected also during the SPEECH condition when the
subjects themselves uttered the vowels; similar re-
sponses were obtained also to consonant-vowel sylla-
bles /ta/ in three subjects studied.

In control experiments, continuous binaural high-
intensity white noise was used to mask the voice.
The experimenters observed that all three subjects
studied involuntarily increased slightly the volume
of their voice during noise presentation; this consis-
tent observation can be interpreted as the well-es-
tablished “Lombard effect” [Pick et al., 1989]. Al-
though the auditory voice feedback was therefore
even louder than in the main experiment, the M100
responses disappeared completely in the one subject
who perceived complete masking of his own voice
(Fig. 1A) and was greatly reduced in the other two
subjects who perceived only partial masking with
the highest noise intensity which they still consid-
ered tolerable. Thus, the M100 responses observed
during the noise-free SPEECH condition were evi-
dently evoked via the auditory feedback pathway
and not e.g., by phasic motor-related activity or by

somatosensory feedback from speech muscles; the
latter two signals should not have been reduced by
the masking noise.

In 11 of the 16 hemispheres of our eight subjects, it
was possible to fit equivalent current dipoles to the
vowel-evoked M100 field distributions during both
the SPEECH and the REPLAY conditions; 13 of these
22 dipoles explained . 90% of field variance across all
122 channels, another eight dipoles explained between
85% and 90%, and one 76%. In both the SPEECH and
the REPLAY condition, the neuronal generators of
M100, modeled as equivalent current dipoles, were
located in the auditory cortices bilaterally (Fig. 1,
right). The dipole locations were compared using a
repeated-measures ANOVA with Conditions (RE-
PLAY, SPEECH, squarewaves sounds) as within-sub-
jects factor; each coordinate (x, y, z) within each hemi-
sphere was analysed separately. None of the main
effects was statistically significant: no systematic
source location difference was observed between the
vowel SPEECH and REPLAY conditions, or between
vowel and sound-evoked responses obtained during
the task familiarisation.

A two-factor ANOVA (Conditions, Hemispheres)
showed a significant main effect by Condition (RE-
PLAY vs. SPEECH) in the analysis of both M100 am-
plitude [F(1,7) 5 9.9, P , 0.02] and latency [F(1,7) 5
13.1, P , 0.009], whereas the main factor Hemisphere
was not statistically significant [amplitude: F(1,7) 5
0.13, P , 0.73]; latency: F(1,7) 5 2.9, P , 0.13]. There
was a significant Condition 3 Hemisphere interaction
for peak latency [F(1,7) 5 8.5, P , 0.03] but not for
peak amplitude [F(1,7) 5 2.7, P , 0.15]. Planned com-
parisons using two-tailed Wilcoxon signed-ranks tests
for dependent variables showed that M100 peaked
significantly later during the SPEECH than the RE-
PLAY condition (Figs. 1B and 2), both in the left hemi-
sphere (delay 16.4 ms; p 5 0.012) and the right hemi-
sphere (5.5 ms; p 5 0.025). In addition, M100 peaked
during SPEECH significantly later in the left than the
right hemisphere (10.7 ms; p 5 0.017), whereas no
differences were observed during REPLAY (20.1 ms;
n.s.; Fig. 2). M100 amplitudes were bilaterally smaller
during SPEECH than during REPLAY (Fig. 2): in the
left hemisphere, this reduction was significant (239%;
p , 0.025) whereas in the right hemisphere, it just fell
short of significance (226%; p 5 0.069). Although the
relative amplitude reduction during SPEECH thus
tended to be stronger in the left than the right hemi-
sphere, this interhemispheric difference did not reach
significance (p 5 0.21).
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MEG responses related to changing vowels

During REPLAY, the brain reacted to the infrequent
/ae/ vowels with an additional change-related re-
sponse [Näätänen, 1992], known to originate in the
auditory cortices bilaterally [Hari, 1990]. In contrast,
during the subject’s own SPEECH, the infrequent
/ae/ vowels among the frequent /a/ vowels did not
evoke any significant change-related response (Figs.
1C and 2).

DISCUSSION

Modification of auditory cortex responses
during speaking

The present MEG data show that (i) the subjects’
own utterances activate transiently their auditory cor-
tices, with strongest activation (M100) about 100 ms
after the voice onset, (ii) this M100 response is signif-
icantly delayed in both hemispheres and dampened in
the left hemisphere during SPEECH as compared with
REPLAY, and (iii) speaking delayed the M100 re-
sponses of the human auditory cortex to self-gener-
ated speech sounds more prominently in the speech-
dominant left hemisphere.

MEG and EEG source modelling, as well as lesion
studies and intracranial recordings provide converg-
ing evidence that the neuronal generators of M100 are
located in the auditory regions of the temporal lobes
[Hari et al, 1980; Liegeois-Chauvel et al., 1994; Picton
et al., 1999; Richer et al., 1989; Scherg and von Cramon,
1986; Scherg et al., 1989; Woods et al., 1984], and the
same generation sites were confirmed here for both
the SPEECH and REPLAY conditions. The specific
contributions to M100 from different cytoarchitectonic

areas of the auditory cortices are still debated: source
analyses of scalp potentials suggested one generator in
the auditory koniokortex, and another more anteriorly
[Scherg et al., 1989]. In contrast, intraoperative record-
ings of epileptic patients showed responses in the
primary auditory cortex at Heschl’s gyrus up to 50 ms
whereas the 100 ms component was generated mainly
at the planum temporale [Liegeois-Chauvel et al.,
1994]; this finding agrees also with lesion studies re-
porting attenuated auditory responses at 100 ms for
lesions posterior to the primary auditory cortices
[Woods et al., 1987].

Given the signal-to-noise ratio of the present study,
only a single equivalent current dipole was used to
model the M100 generator in each hemisphere.
Thereby, the “center of gravity” for M100 was found
in supratemporal auditory cortices, but the possible
contributions of different cortical areas could not be
resolved in more detail; more widespread activations
including generators within as well as outside the
primary auditory cortex [Picton et al., 1999], however,
might explain the fair amount of unexplained field
variance.

In agreement with our finding of prominent but
dampened M100 responses during SPEECH, the pri-
mary and secondary auditory cortices of awake squir-
rel monkeys contain a substantial number of neurons
that respond to replayed vocalisations but are sup-
pressed during phonation [Müller-Preuss and Ploog,
1981]. Speech-induced modifications of cortical excita-
tory postsynaptic potentials (EPSPs) are the prime
candidates for explaining the observed dampening of
the M100 response [Hari, 1990]. Specifically, the M100
dampening might reflect either a diminished presyn-
aptic excitatory drive to neurons whose firing is sup-
pressed during phonation [Müller-Preuss and Ploog,

Figure 2.
Latencies and amplitudes of magnetic brain responses to vowels.
Mean 1 SEM of eight right-handed subjects. Left: M100 peak
latencies of responses to self-uttered (SPEECH) and replayed

(REPLAY) vowels. The M100 peak amplitudes are presented in the
middle panel, and the amplitudes of the change-related responses
in the right panel.
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1981], or the subsequent diminuition of EPSPs in the
local neuronal target population of these units. Intra-
operative recordings have shown that single units in
human superior temporal gyri (STG) of both hemi-
spheres are activated differentially by a patient’s own
utterances and by the experimenter’s tape-recorded
speech [Creutzfeldt et al., 1989]. However, because the
patient’s own speech was not replayed, the observed
differential activations could relate to different voice
characteristics of the two speakers.

Thus, single-unit data from subhuman primates,
and possibly also from humans, indicate motor-to-
sensory priming in the form of inhibition of the audi-
tory cortices during speaking. Such an inhibition
might correlate to the speech-related modification of
the M100 response. Candidate mechanisms for audio-
vocal interactions in primates will be discussed at
cortical, subcortical, and peripheral levels.

Cortico-cortical speech priming

In squirrel monkeys, 17% of STG neurons display
convergence of acoustic and prefrontal cortical inputs;
the latter either suppress the neurons’ spontaneous
firing or reduce their responsivity to acoustic input
[Alexander et al., 1976]. Likewise, stimulation of the
cingular vocalization area mainly inhibits STG neu-
rons and suppresses their responses to vocalizations
[Müller-Preuss et al., 1980]. Accordingly, the observed
amplitude decrease and latency increase of M100 dur-
ing SPEECH could reflect predominantly a direct cor-
tico-cortical, motor-to-sensory inhibition representing
priming of the auditory cortex by speech motor com-
mand centers. Because the cortical motor centers of
speech are lateralized to the left hemisphere in right-
handed humans, cortico-cortical speech priming could
explain the left-hemisphere dominance of the speech-
induced M100 modifications.

Subcortical speech priming

Some marginal influences of vocalization have been
described for auditory midbrain neurons (7 of 587) of
subhuman primates [Kirzinger and Jürgens, 1991] as
well as for human brainstem auditory evoked poten-
tials [Papanicolaou et al., 1986]. These influences, how-
ever, do not predict the observed left-lateralized M100
delay during SPEECH. Furthermore, no differences
were found in the responses of monkey collicular cells
to self-produced vs. loudspeaker-transmitted calls
[MÜller-Preuss and Ploog, 1981].

Our data provide further evidence for mainly corti-
cal priming during speaking: the absence of the extra

response to infrequently uttered /ae/ vowels during
SPEECH is in strong contrast to the REPLAY condi-
tion during which the brain reacted to the infrequent
/ae/ vowels with an additional and well-character-
ized change-related [“mismatch”] response, com-
monly interpreted to reflect automatic deviance detec-
tion against a standard template held in sensory
memory [Näätänen, 1992]. This lack of change-related
responses to self-uttered vowels indicates that the hu-
man auditory cortices process deviant sounds de-
pending on the behavioral context: a change-related
response was generated when vowel deviances oc-
curred during mere listening to the REPLAY, but not
when they represented an expected sensorimotor match
between the SPEECH efference copy and its regularly
upcoming auditory reafference [von Holst and Mittel-
staedt, 1950]. Change-related responses (e.g., to loud-
ness changes, are generated intracortically in mon-
keys) [Javitt et al., 1994]; however, in guinea pigs,
responses to syllable changes can be picked up either
cortically or already in nonspecific thalamic nuclei
[Kraus et al., 1994a,b]. Thus, the specific contributions
of thalamic vs. exclusively cortical activity to re-
sponses elicited by vowel changes remain to be clari-
fied in subhuman primates as well as in humans.

Audiovocal interaction in the peripheral
auditory system

The sensory qualities of the vowel stimuli unavoid-
ably were to differ between SPEECH and REPLAY
conditions, mainly because of bone conduction and
activation of middle ear muscles during SPEECH
[Salomon and Starr, 1963]. Here, the physical intensity
of the stimuli appears to be of particular concern be-
cause intensity influences both amplitude and latency
of the auditory responses at 100 ms, with higher in-
tensity inducing stronger and earlier responses [Elber-
ling et al., 1981; Hegerl et al., 1994; Pantev et al., 1989;
Pineda et al., 1991]. Accordingly, one could interpret
the dampening and delay of M100 responses during
SPEECH, compared with REPLAY, by claiming that
the physical sound intensity was higher during RE-
PLAY than during SPEECH. Therefore, one might
consider determining the physical intensity of the
speaker’s own voice in her ear canal. This approach,
however, would not take into account the additional
acoustic input because of bone conduction during
SPEECH or the dampening effects by concomitant
activation of middle ear muscles. Thus, the net effect
of SPEECH on input intensity would remain undeter-
mined. Hence, for the present study design, we chose
a “top-down” approach encompassing all those low-
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level modifications and let the subjects equalize the
perceived loudness of her REPLAYed and self-uttered
vowels (see Methods).

Fortunately, the central aspects of the present re-
sults appear to be largely “immune” against eventual
small differences of the effective stimulus intensity
between conditions: in particular, no variations of ef-
fective stimulus intensity could explain (i) the ob-
served interhemispheric M100 differences, or (ii) the
abolition of the robust change-related response that
remains invariant over even a 40-dB intensity range
[Schroeger, 1994], and occurs largely independently of
M100 magnitudes. Specifically, the hemispheric asym-
metry in the M100 modifications can be considered
safe against a suboptimal loudness matching between
conditions because experimentally introduced, clearly
audible variations of sound intensity (between 40 and
65 dB HL) cause no systematic interhemispheric M100
latency differences [Vasama et al., 1995].

Thus, irrespective of minor stimulus differences, the
present MEG data can be interpreted to indicate that
central (thalamic and/or cortico-cortical) priming of
the auditory cortices during SPEECH affects both the
input-related M100 responses of the auditory cortex
and the later advanced processing, reflected in the lack
of change-related responses.

Allocation of attention

Finally, one has to consider possible task-related
differences in attention between the SPEECH and RE-
PLAY conditions. A recent MEG study [Poeppel et al.,
1996] has described a task-induced asymmetry for
M100 responses to consonant-vowel (CV) syllables.
M100 latencies and peak amplitudes were found bi-
laterally symmetric for passively presented stimuli;
this response pattern closely resembles the findings
during the REPLAY condition in the present study.
When the subjects actively directed attention toward
the CV stimuli, both latency and amplitude of M100
increased in the speech-dominant hemisphere,
whereas the M100 amplitude decreased in the con-
tralateral hemisphere. Three aspects of the present
study argue against the possibility that the lateralized
M100 modifications during SPEECH were because of
a comparable effect of an increased level of attention.
First, the task instructions of the present study aimed
to equalize the allocation of attention during the
SPEECH and REPLAY conditions. Second, the
SPEECH-related left vs. right hemisphere M100 la-
tency increase was accompanied here by an M100
amplitude decrease and, hence, cannot be directly ex-
plained by possibly higher attention during SPEECH

as compared with REPLAY. And third, although fo-
cussed attention has been found to increase responses
to deviant phoneme stimuli [Aulanko et al., 1993], the
change-related response was absent during SPEECH.

MEG and cerebral blood flow studies

The present MEG results with millisecond time res-
olution demonstrate for the first time an unequivocal
phasic activation of human auditory cortex during
SPEECH, albeit with a significant dampening and de-
lay of these early responses when compared to a lis-
tening condition, and thereby uniquely complement
recent speech-related CBF studies [Fox et al., 1996;
Hirano et al., 1997; McGuire et al., 1996; Paus et al.,
1996; Wise et al., 1999]. Remarkably, some of these
CBF studies were interpreted to be compatible with
voicing-related inhibition in human auditory cortices
[e.g., Hirano et al., 1997; Paus et al., 1996; Wise et al.,
1999], whereas others were understood to indicate
activation [Fox et al., 1996; McGuire et al., 1996]. Basic
differences in data evaluation and task design may
explain these mixed results.

The CBF studies [Fox et al., 1996; Hirano et al., 1997;
McGuire et al., 1996; Paus et al., 1996] used a bolus
injection of a radioactive tracer and then evaluated
counts summed over task periods lasting 40–120 sec.
In contrast, the phasic MEG responses were averaged
contingent on the occurrences of single vowels with
millisecond time resolution.

CBF responses were mostly evaluated using “task
minus baseline” subtractions. Therefore, brain state
differences between a speech-related task (e.g., read-
ing aloud) [Fox et al., 1996], and an “eyes-closed rest”
baseline condition may include, in addition to the
specific cerebral processing of voicing-related audi-
tory input, also a general switch from a floating state
of mind toward a more focussed visuo-motor-audi-
tory network activation. Thus, CBF increases at audi-
tory cortices (in “reading minus rest” subtraction im-
ages) could reflect a continuous attention-related
activation during reading aloud where the contribu-
tion by transient specific cortical processing of audi-
tory voice input remains undetermined; it is this latter,
stimulus-driven activity and its speech-related modi-
fication that was specified in the present MEG exper-
iments.

Finally, recent functional magnetic resonance imag-
ing [Hickock et al., 1999] and MEG results [Nummi-
nen and Curio, 1999] provide convergent evidence for
an involvement of auditory cortices specifically in
left hemisphere also during subvocal (i.e., “silent,”
speech). In particular, in close correspondence to the
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present results, the MEG study [Numminen and Cu-
rio, 1999] found that, when a subject was articulating
silently a vowel, the latency of the M100 response to a
simultaneous replay of this vowel from a prerecorded
tape was delayed in the left hemisphere.

Clinical perspectives

Motor-to-sensory (phonation-to-hearing) priming
might be defective, and thus worth of clinical testing,
in aphasic patients known to be differentially sensitive
to delayed auditory feedback [Chapin et al., 1981], in
stutterers who fail to show left-lateralized auditory
cortex activations during reading [Fox et al., 1996] but
who improve their fluency under delayed auditory
feedback [Stuart and Kalinowski, 1996], and in schizo-
phrenics who, when experiencing voice hallucina-
tions, may exhibit increased blood flow in Broca’s area
[McGuire et al., 1993] as well as modified reactivity of
the auditory cortex [Tiihonen et al., 1992].

Hence, this MEG approach to analyse audiovocal
interactions might provide a diagnostic tool: it is non-
invasive and generally applicable, and can be repeated
without any limitation in the single subject. Most im-
portantly, MEG recordings can monitor directly neu-
ronal correlates of cortical speech processing on the
relevant millisecond time scale.

CONCLUSIONS

The present results demonstrate interactions be-
tween audition and phonation on a millisecond time
scale. The observed reactivity of the human auditory
cortex to the subject’s own utterances provides a basis
for self-monitoring of voice intensity, pitch, and pho-
neme quality during speaking. Interestingly, “expect-
ed” self-produced deviances in a vowel series did
not trigger change-related responses, and SPEECH-
induced modifications of the 100-ms responses were
more pronounced in the left auditory cortex that is
specialized for phonetic aspects in syllable discrimina-
tions [Zatorre et al., 1992].
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