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What the Brain Does before the
Tongue Slips

Speech production is an extremely rapid and seemingly effortless
process with speech errors in normal subjects being rare. Although
psycholinguistic models incorporate elaborate monitoring mecha-
nisms to prevent and correct errors, the brain regions invelved in
their commitment, detection, and correction have remained elusive.
Using event-related brain potentials in a task known to elicit
spoonerisms representing a special class of sound errors, we show
specific brain activity prior to the vocalization of such spoonerisms.
Source modeling localized this activity to the supplementary motor
area in medial frontal cortex. We propose that this activity reflects
the simultaneous activation of 2 competing speech plans on pro-
cessing levels related to the construction of a rather “phonetic”
speech plan contrasting with the traditional view, assuming the
substitution of abstract phonological representations as the main
source for sound errors.

Keywords: brain potentials, slips of the tongue, speech errors,
speech production, supplementary motor area

Introduction

In speaking aloud, we produce up to 150 words/min. The act
of speaking thus requires to proceed from the intention of what
to say to semantic, syntactic, phonological, and articulatory
processing stages within milliseconds (Levelt 1989). The low
incidence of speech errors not amounting to more than about
1 in every 1000 words of normal speech (Leuninger 1993)
demonstrate that the production of speech is a highly skilled
behavior with low susceptibility to interference. The capability
of speakers to detect and correct some of their errors even
before they are produced, as suggested by early interruptions
of unintended utterances (Levelt 1989; Blackmer and Mitton
1991), speak for the existence of mechanisms allowing for the
self-monitoring of ones own speech production even before
articulation.

Therefore, self-monitoring devices are incorporated in virtu-
ally all the current speech production models (Motley and
others 1983; Dell 1985, 1986; Levelt and others 1999; Postma
2000)—either as a feedback mechanism via the perceptual
system or inherently built into the production cycle (Postma
2000). Self-corrections have been reported to occur in about
50% of all speech errors (Nooteboom 1980). In some cases, such
corrections include the interruption of the error as early as
after the articulation of the first syllable or phoneme. Moreover,
hesitations accompanied by “editing terms” (uh) or repetitions
of previous words are believed at least in some cases to signal
the occurrence of “covert repairs” where the error has been
detected even before articulation, but ongoing speech has
to be interrupted in order to covertly correct the error
(Levelt 1989).
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Monitoring of one’s overt speech can neither explain fast
interruptions nor covert repair phenomena. Rather, a fast “inner
monitoring loop” (Levelt 1983) examining the “inner speech”
(Dell and Repka 1992) has to be assumed. The representation
targeted by this inner loop has been shown to be phonological
on the basis of a phoneme monitoring task (Wheeldon and
Levelt 1995).

One way to elicit speech errors in normal subjects is the
so called spoonerisms of laboratory induced predisposition
(SLIP) (spoonerisms are named after Reverend W.A. Spooner
of Oxford who coined some of the famous examples, such as
“You have hissed all my mystery lectures”) technique (Motley
and Baars 1976) (Fig. 1): Word pairs are presented visually
with a rate of about 1/s with the task to silently read the words
for a subsequent memory test. Every few trials, a “target” pair is
marked for overt articulation. The production of these target
pairs can be influenced by the phonological make up of the
preceding “inductor pairs” such that the initial phonemes of
the target words will be exchanged with a probability of about
10%. As an example, the inductor pairs (ball doze), (bash door),
and (bean deck) followed by the target pair (darn bore) could
give rise to the potential spoonerism “barn door” or partial
spoonerisms like “darn door” and “barn bore.” Speech errors in
this task are thought to occur because 2 competing speech
plans become activated (Baars 1980), and the subject is unable
to inhibit the erroneous plan prior to vocalization.

Whereas speech errors have played a crucial role in speech
production research, little is known about the underlying brain
processes. To gain an initial insight into these mechanisms,
event-related brain potentials (ERPs) were recorded in a variant
of the SLIP task in native, neurologically healthy speakers of
German.

Methods

All procedures of this study were cleared by the Institutional Review
Board of the University of Magdeburg.

Participants

After giving written informed consent, 34 right-handed native speakers
of German (age range 20-25 years) participated in a 3-h recording
session. Because reasonable numbers of error trials had to be acquired
for subsequent ERP analysis, only those 11 participants showing error
rates in the range of 6.9-17.5% (average 9.7%) participated in a second
recording session otherwise identical to the first one.

Stimuli

Word pairs were presented for 1000 ms in green against a dark
gray background on a video monitor. At the chosen viewing distance,
they subtended 0.35 degrees of visual angle in height and between
1.5 and 2.2 degrees in width. Each trial comprised the presentation
of 2-7 word pairs with a stimulus-onset-asynchrony of 1100 ms. A row
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Figure 1. The experiment entailed the presentation of word pairs that had to be read
silently for a subsequent memory task. In critical trials, a number of inductor pairs (a)
that shared the initial phonemes of the 2 words were followed by a target pair (b), for
which the order of initial phonemes was reversed. After the target pair, a prompt (c)
required the subjects to overtly vocalize the immediately preceding word pair. In control
trials, there was no relation between the initial phonemes of inductor and target pairs.
This allowed the recording of brain potentials without contamination by speech artifacts
in the time interval between the target pair and prompt (thicker portion of time arrow).
On the right, group average brain potentials are shown for critical pairs with errors,
without errors, and control trials for a central midline electrode site (Cz). Only error trials
are associated with a more negative ERP between 350 and 600 ms.

of 3 small pink stars presented during the interstimulus interval
indicated the center of the screen. Subjects were instructed to keep
their fixation central. A target pair was signaled by a response cue
(German for: Respond now! presented in red color) occurring 100 ms
after the offset of the target pair and staying on the screen for 650 ms.
After the presentation of the response cue, the screen remained dark
for 1350 ms until the start of the next trial. The subjects’ task was to
vocalize, as fast as possible, the word pair immediately preceding the
response cue. On some additional “memory” trials, a single word from
the preceding series of word pairs was presented in red letters with
the subjects’ task to complete the pair by vocalizing the complement.
This was done to ensure reading of all word pairs. Error rates for
memory trials ranged from 5% to 10%. Each of 2 experimental sessions
comprised 20 experimental blocks of 25 trials each. Each block
contained 16 “critical” trials, in which the target was preceded by
at least 2 matching inductors, 4 “control” trials, in which the target was
preceded by 2 nonmatching inductors, and 5 “memory” trials. Thus,
a total of 640 “critical,” 160 “noncritical,” and 200 “memory” trials was
shown. The subjects’ vocalizations were digitally recorded onto a hard
disk and classified off-line as 1) complete spoonerisms, 2) partial
spoonerisms (only one word with phoneme change), 3) self-corrected
trials (vocalizations started with the articulation of a phoneme that
would have led to a spoonerism, but were interrupted and continued
with the articulation of the correct pair of words), and 4) other errors.
Only trials with errors of type 1) and 2) were entered to electrophys-
iological analysis. Other error trials were discarded.

Recording and Analysis

ERPs were recorded from the scalp using 29 tin electrodes mounted
in an electro cap against a reference electrode placed on the left mas-
toid process. Biosignals were rereferenced off-line to the mean of the
activity at the 2 mastoid processes. Blinks and vertical eye movements
were monitored with electrodes placed at the sub- and supraorbital
ridge of the left eye. Lateral eye movements were monitored by a bipolar
montage using 2 electrodes placed on the right and left external
canthus. Eye movements were recorded in order to allow for later off-
line rejection, which was carried out by a computer program based
on an amplitude criterion (75 pV). All electrode impedances were

1174  Brain Activity to Speech Errors - Moller and others

kept below 5 kOhm. Electrophysiological signals were amplified with
a band-pass filter of 0.01-50 Hz and digitized at a rate of 250 Hz (4-ms
resolution).

ERPs were pooled for the 2 sessions and obtained time locked
cither to the onset of the target word pair and comprised a 1024-ms
period (-100 to 924 ms) or to the vocalization prompt (-100 to 400 ms).
Waveforms were quantified by mean amplitude measures that were
entered into analyses of variance statistics with the Huynh-Feldt epsilon
correction applied as necessary.

Neural generators of the brain activity associated with speech errors
were estimated using 2 methods. First, employing brain electric source
analysis software (BESA2000, Scherg and others 1999), multiple station-
ary dipoles located within a 3-shell homogeneous spherical head
model with correction factors for brain, skull, and scalp conductivity
were used to model the group average difference wave (error minus
correct) potential. The dipole solutions were generated by iteratively
changing both the location and/or orientation of dipoles to yield a
least-squares best fit to the ERP surface signal. This solution was pro-
jected onto a canonical average brain magnetic resonance imaging
as provided by the Montreal Neurological Institute. Alternatively, the
cortical 3-dimensional distribution of current density was computed using
the low resolution electromagnetic tomography (LORETA) algorithm
(Pascual-Marqui and others 1994), which solves the inverse problem by
assuming related orientations and strengths of neighboring neuronal
sources without assuming a specific number of generating sources. The
“smoothest” of all possible activity distributions is thereby obtained. The
version of LORETA employed here (Pizzagalli and others 2002) uses a 3-
shell spherical head model registered to standardized stereotactic space
(Talairach and Tournoux 1988) and projected onto the Montreal Neuro-
logical Institute standard average brain. Computations were restricted
to cortical gray matter and hippocampi (spatial resolution of 7 mm, 2394
voxels) as described elsewhere (Pizzagalli and others 2002).

Results

Full and partial spoonerisms occurred in 9.95% (standard
deviation [SD] 4.6) of the critical word pairs and 4.0% (SD 1.7)
of the control word pairs (o = 4.8, P < 0.001), indicating
that the experimental manipulation had been successful. The
percentage of all speech errors, that is, spoonerisms (full and
partial) and other miscellaneous types of errors, was similarly
enhanced for the critical pairs (14.1% vs. 8.0%, to = 4.14, P <
0.002). Of the spoonerisms, 58% (SD 18) were full spoonerisms
with a high variability between subjects (range 20-88% full
spoonerisms).

Self-corrections were rare and did not differ between critical
and control trials (0.29% vs. 0.56%, t;o = 0.89).

In the period prior to the vocalization prompt, brain
potentials to the critical trials in which a spoonerism occurred
showed an increased negativity between 350 and 600 ms after
the onset of the target pair relative to control trials and critical
trials without speech errors (Fig. 1). A mean amplitude measure
in the 400 to 600-ms time window (6 frontocentral electrode
sites) yielded a main effect of trial type (Fz =844, P <0.01).
Post hoc tests showed that the error trials differed significantly
from both the control trials and the critical trials without errors.
The maximum of this increased negativity error trials was
over frontocentral portions of the scalp (Fig. 24).

To pinpoint the possible underlying neural generators of
this effect, 2 different inverse source localization methods,
based either on multiple stationary point dipoles (Scherg and
others 1999) or on distributed sources (Pascual-Marqui and
others 1994; Pizzagalli and others 2002), were used (Fig. 2). In
spite of their different assumptions and limitations (Phillips
and others 2002), both methods identified a medial frontal
generator in (or near) the supplementary motor area (SMA,
LORETA coordinates: x = -3, y =4, z=57) as the main source
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Figure 2. (4) Spline interpolated isovoltage maps of the (error minus correct) difference waves showing a clear medial frontocentral maximum. (B) Distributed source model for the
difference potential (Pascual-Marqui and others 1994; Pizzagalli and others 2002) projected onto a 3-dimensional standard brain at 400 ms. A medial source (arrow) and a left
anterior temporal source were seen throughout the 400 to 600-ms period. (C) Multiple dipole solution obtained with the BESA algorithm (Scherg and others 1999). Again, a medial
frontal source located in the left SMA and a left anterior temporal source (arrow) were found.

of the negativity preceding the erroneous vocalizations. In addi-
tion, a secondary left anterior temporal source was found by
both techniques (LORETA coordinates: x=-59, y=-18, z=-13,
middle temporal gyrus [MTG]). The 2 dipole solution found
with BESA explained 93% of the variance in the 400 to 600-ms
period.

Brain potentials time locked to the vocalization prompt
(Fig. 34,B) again showed an increased negativity for the error
trials. This difference led to a main effect of trial type in the 50
to 150-ms (Fzo = 8.02, P < 0.01) and 230 to 300-ms time
windows (Fzo = 0.72, P < 0.02; 6 frontocentral electrodes)
with post hoc analyses indicating that the error trials differed
significantly from both the control trials and the critical trials
without errors. Difference potentials obtained by subtracting
the activity in the control trials from the activity of the other
2 trial types. Only the error trials were associated with a negative
potential. A source solution computed for the error minus
correct difference wave at 250 ms using the LORETA method
revealed a mesial frontal generator implicating the SMA.

Discussion

The experimental manipulation in the present study success-
fully induced spoonerisms that were preceded by increased
negativities following 1) the presentation of a target word

-+ onset prompt -+

— Control
mmms FrrOr

Figure 3. (4) Brain potentials time locked to the vocalization prompt for a central
electrode (Cz). Error trials were associated with more negativity that the control trials
and the critical trials without errors. (B) Difference potentials obtained by subtracting
the activity in the control trials from the activity of the other 2 trial types. Only the error
trials are associated with a negative potential. (C) Source solution (Pascual-Marqui and
others 1994; Pizzagalli and others 2002) for the error minus correct difference wave at
250 ms. A mesial frontal source implicating the SMA is found.

Cerebral Cortex May 2007,V 17 N5 1175
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pair and 2) the presentation of the vocalization prompt. In both
cases, a similar frontocentral scalp distribution was observed.

The main generator of both effects, as revealed by 2 inde-
pendent source localization methods, was located in medial
frontal cortex (SMA). Given the spatial resolution of source
localization methods, it is not possible, however, to completely
rule out the anterior cingulate region as a locus of the effect.
Indeed, the hemodynamic activations reported in error moni-
toring and conflict studies are not strictly restricted to the
anterior cingulate cortex (ACC) region and usually extend to
adjacent areas like the pre-SMA and SMA proper.

Electrical SMA stimulation in awake epileptic patients leads to
speech arrest or involuntary vocalizations of simple consonant-
vocal-sequences (like “da-da-da” or “ta-ta-ta”; (Brickner 1940;
Erickson and Woolsey 1951; Penfield and Welch 1951; Penfield
and Jasper 1954; Chauvel 1976; Woolsey and others 1979;
Dinner and Liiders 1995). Likewise damage to the SMA has
been associated with involuntary vocalizations (Jonas 1981;
Ackermann, Daum, and others 1996), acquired dysfluencies
(Ackermann, Hertrich, and others 1996), reduced spontaneous
verbal communication, and speech arrest (Krainik and others
2003). These clinical observations fit with the identification of
the SMA among the areas most likely involved in phonetic
encoding and articulation by Indefrey and Levelt (2004) within
a thorough meta-analysis of brain imaging studies of speech
production. Enhanced activity within a subregion of the SMA
has also recently been associated with higher demands imposed
on phonetic encoding during the production of long nonwords
compared with the production of words and short nonwords
(Alario and others 20006).

In other task domains, activation of the SMA has been asso-
ciated with response conflict (Carter and others 1998; Hazeltine
and others 2000; Liotti and others 2000; MacDonald and others
2000; Ullsperger and von Cramon 2001; Ridderinkhof and
others 2004; Yeung and others 2004).

Likewise, it has been proposed that the error-related nega-
tivity (ERN) a component reported to arise after the execution
of an erroneous response (Gehring and others 1995; Falkenstein
and others 2000) might not reflect the output of a feedforward
control mechanism (Bernstein and others 1995) but the degree
of conflict between 2 coactivated motor channels (Botvinick
and others 2001; Yeung and others 2004). Coherent with the
SMA source reported here, the ERN has been located within the
anterior cingulate cortex/SMA region (Dehaene and others
1994; Luu and Tucker 2001).

Given the evidence just presented, enhanced SMA activity
preceding articulations of sound errors in our data would be
in line with the assumption of conflicts arising at a processing
level related to the phonetic encoding or articulatory planning
of speech output. At the same time, these data are also com-
patible with a role of the SMA in speech production comparable
with its function in other domains of motor behavior (see
e.g., Crosson and others 2001; Ziegler 2002; Krainik and others
2003; Indefrey and Levelt 2004).

Most prominent models of speech production assume sound
errors like the spoonerisms elicited within the SLIP paradigm
to result from misallocations of abstract phonological represen-
tations within a “prosodic” frame (Shattuck-Hufnagel 1983; Dell
1986; Levelt and others 1999; Berg 2005) on an antecedent
level of processing. This view is based on the observation
that phonemes constitute the linguistic unit mostly affected in
sound errors. Meyer (1992), for example, estimates that 60-90%
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of all errors can be identified as single-segment misorderings,
whereas probably less than 5% of all sound errors can be
identified as feature errors. The often observed accommodation
of shifted segments to their new position (Fromkin 1971;
Garrett 1975; Stemberger 1982, 1983) leading to phonotactic
and articulatory well-formedness of such errors has been taken
to suggest that the production of sound errors otherwise does
not differ from the production of correct utterances.

This view has been challenged by acoustic, electromyographic,
and kinematic analysis of speech errors, suggesting that sound
errors can also affect the articulatory stage of speech produc-
tion (Mowrey and MacKay 1990; Pouplier and Hardcastle 2005).
Pouplier M (submitted), for example, shows that many errors
produced within the SLIP paradigm feature the coproduction of
the intended and an intruding gesture.

This finding suggests that at least the articulation of some
sound errors is preceded by a conflict between competing
representations of articulatory gestures in agreement with the
SMA activation as the main source for the negativities preceding
the production of spoonerisms within the present study.

Yet, it is unclear why such conflict should not arise in the
context of phonological priming: Although the higher rate with
which critical pairs compared with control pairs are followed
by the production of spoonerisms would suggest to expect a
higher chance for conflicts to occur during the production of
critical word pairs, no corresponding brain potential difference
was obtained between critical and control pairs followed by
correct articulations (Figs 1 and 3). This suggests that in these
trials interference from the inductor pairs either did not occur,
had been effectively controlled, or did not reach the stage of
phonetic encoding.

Interestingly, the current data showed increased activity with-
in the SMA not only after presentation of the target word pair
but also immediately after the presentation of the vocalization
prompt that was followed by the production of the speech error.

In this sense, the first negativity arising after the presenta-
tion of a target word pair is probably reflecting conflict at a
phonological/phonetic encoding stage, whereas the negativity
observed directly after the presentation of the vocalization
prompt might be indexing conflict at a following articulatory
motor stage.

In agreement with this, the second negativity differs from
the first also in terms of its neural generators, in this particular
case, restricted only to the medial prefrontal source.

The source analysis of the first negativity following the pre-
sentation of a target word pair also revealed a secondary left
temporal source. The anterior left MTG is normally considered
to play a role in the retrieval of lexical rather than phonological
representations (Indefrey and Levelt 2004). Therefore, it can-
not be easily related to the production of sound errors. Given
the spatial resolution of source localization methods, it could
be considered if this source might rather reflect activity within
the adjacent superior temporal gyrus, a structure suggested
by Indefrey and Levelt (2004) to participate not only in the
processing of the perceived speech of others but also external
and internal self-monitoring of one’s own speech (see also
Callan and others 2006). Although the time course of the
negativity is in line with the possibility for self-monitoring
300 ms after onset of a visual word as can be derived from
the analysis of Indefrey and Levelt (2004), the low rate with
which spoonerisms are corrected within the SLIP paradigm
even when subjects are instructed to do so (Nooteboom 20054,
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2005b) speaks against a role of the temporal source in the
internal detection of errors. Indeed, spoonerisms as the main
class of errors produced within the SLIP paradigm are probably
hard to detect for the internal self-monitoring system as they
constitute correct entries from the mental lexicon. Moreover,
within the SLIP paradigm, no context information is available
to the speaker by which the appropriateness of an utterance
could be assessed.

If an error monitoring account of the temporal activation
is unlikely, what could be an alternative explanation for this
source? As demonstrated by Wilshire (1998) using a tongue
twister task, the lexical status of items to be produced has
a strong influence on positional constraints of sound errors
and especially the preferential tendency for interactions like
anticipations, perseverations, and exchanges to occur between
word initial phonemes. Sound exchanges between word initial
segments of real words like they occur in spoonerisms may
therefore be correlated with higher levels of activation of the
respective entries from the lexicon, which in turn could explain
the MTG activity (c.f, Indefrey and Levelt 2004). Activation
changes of lexical representations might likewise be influenced
by “phonological coactivation” of potential spoonerisms. Pho-
nological coactivation has been proposed to result from direct
(Dell 1985, 1986) or indirect (Roelofs 2004) positive feedback
from phonological segments of target words to lexical entries of
potential errors that share a sufficient number of phonological
segments with the target. Because phonological coactivation is
per definition restricted to lexical entries representing potential
sound errors of real words, it was proposed to be the reason
for the “lexical bias” (Dell 1985, 1986), the statistical tendency
of sound errors to form real words while the “error monitoring
account” of the lexical bias assumes that the lexical spooner-
isms are just harder to detect for the internal self-monitoring
system (Levelt and others 1999).

Although the current data show differential brain activity
preceding slips of the tongue, it has to be kept in mind that our
clicitation method induced errors, which occur very late in the
speech production process. Other “earlier” types, such as
conceptual (e.g., “We start in the middle with—in the middle
of the paper with a blue disc.”), syntactic (e.g., “And when they
chew coca, which they chew coca all the day long.”), or lexical
(“Left of purple is—uh—of white is purple.”) errors (Postma
2000) might engage different brain regions and will require
different methods of elicitation.

Notes

We are grateful to Dr Stefan Dilger for sharing his materials. We thank
Drs Jane Banfield, Arie van der Lugt, and Niels Schiller for their
comments. This work was supported by grants from the Deutsche
Forschungsgemeinschaft to TFM, the Spanish Ministry of Science to
ARF, the Dutch Science Organization Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NOW) to BMJ, and the German Ministry
of Science Bundesministerium fiir Bildung und Forschung (BMBF) to
the Center for Advanced Imaging, Magdeburg. Conflict of Interest: None
declared.

Address correspondence to Thomas F. Miinte, MD, Department of
Neuropsychology, Otto von Guericke University, Universititsplatz 2,
Gebiude 24, 39106 Magdeburg, Germany. Email: thomas.muente@
med.uni-magdeburg.de.

References

Ackermann H, Daum I, Schugens MM, Grodd W. 1996. Impaired
procedural learning after damage to the left supplementary motor
area (SMA). J Neurol Neurosurg Psychiatry 60:94-97.

Ackermann H, Hertrich I, Ziegler W, Bitzer M, Bien S. 1996. Acquired
dysfluencies following infarction of the left mesiofrontal cortex.
Aphasiology 10:409-417.

Alario FX, Chainay H, Lehericy S, Cohen L. 2006. The role of the
supplementary motor area (SMA) in word production. Brain Res
1076:129-143.

Baars BJ. 1980. The competing plans hypothesis: a heuristic viewpoint
on the causes of errors in speech production. In: Dechert HW,
Raupach M, editors. Temporal variables in speech: studies in
honour of Frieda Goldman-Eisler. The Hague, Netherlands: Mouton.
p 13-19.

Berg T. 2005. A structural account of phonological paraphasias. Brain
Lang 94:104-129.

Bernstein PS, Scheffers MK, Coles MG. 1995. “Where did I go wrong?” A
psychophysiological analysis of error detection. J Exp Psychol Hum
Percept Perform 21:1312-1322.

Blackmer ER, Mitton JL. 1991. Theories of monitoring and the timing of
repairs in spontaneous speech. Cognition 39:173-194.

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD. 2001. Conflict
monitoring and cognitive control. Psychol Rev 108:624-652.

Brickner RM. 1940. A human cortical area producing repetitive
phenomena when stimulated. ] Neurophysiol 3:128-130.

Callan DE, Tsytsarev V, Hanakawa T, Callan AM, Katsuhara M, Fukuyama
H, Turner R. 2006. Song and speech: brain regions involved with
perception and covert production. Neuroimage 31:1327-1342.

Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D, Cohen JD. 1998.
Anterior cingulate cortex, error detection, and the online monitor-
ing of performance. Science 280:747-749.

Chauvel PC. 1976. Les stimulations de l‘alre motrize supplementaire
chez 'homme [dissertation]. Rennes, France: Universite de Rennes.

Crosson B, Sadek JR, Maron L, Gokcay D, Mohr CM, Auerbach EJ,
Freeman AJ, Leonard CM, Briggs RW. 2001. Relative shift in activity
from medial to lateral frontal cortex during internally versus
externally guided word generation. J] Cogn Neurosci 13:272-283.

Dehaene S, Posner MI, Tucker DM. 1994. Localization of a neural system
for error detection and compensation. Psychol Sci 5:303-305.

Dell GS. 1985. Positive feedback in hierarchical connectionist models:
applications to language production. Cogn Sci 9:3-23.

Dell GS. 1986. A spreading-activation theory of retrieval in sentence
production. Psychol Rev 93:283-321.

Dell GS, Repka R]. 1992. Errors in inner speech. In: Baars BJ, editor.
Experimental slips and human error: exploring the architecture of
volition. New York: Plenum Press. p 237-262.

Dinner DS, Liiders HO. 1995. Human supplementary sensorimotor area.
Electrical stimulation and movement-related potential studies. Adv
Neurol 66:261-269.

Erickson TC, Woolsey CN. 1951. Observations on the supplementary
motor area of man. Trans Am Neurol Assoc 56:50-56.

Falkenstein M, Hoormann J, Christ S, Hohnsbein J. 2000. ERP compo-
nents on reaction errors and their functional significance: a tutorial.
Biol Psychol 51:87-107.

Fromkin VA. 1971. The non-anomalous nature of anomalous utterances.
Language 27-53.

Garrett M. 1975. The analysis of sentence production. In: Bower G, editor.
The psychology of learning and motivation. New York: Academic
Press. p 133-177.

Gehring WJ, Coles MG, Meyer DE, Donchin E. 1995. A brain potential
manifestation of error-related processing. Electroencephalogr Clin
Neurophysiol 44(Suppl):261-272.

Hazeltine E, Poldrack R, Gabrieli JD. 2000. Neural activation during
response competition. J] Cogn Neurosci 12(Suppl 2):118-129.

Indefrey P, Levelt WJ. 2004. The spatial and temporal signatures of word
production components. Cognition 92:101-144.

Jonas S. 1981. The supplementary motor region and speech emission. J
Commun Disord 14:349-373.

Krainik A, Lehericy S, Duffau H, Capelle L, Chainay H, Cornu P, Cohen L,
Boch AL, Mangin JF, Le Bihan D, Marsault C. 2003. Postoperative
speech disorder after medial frontal surgery: role of the supplemen-
tary motor area. Neurology 60:587-594.

Leuninger H. 1993. Reden ist Schweigen, Silber ist Gold. Gesammelte
Versprecher. Ziirich, Switzerland: Ammann.

Cerebral Cortex May 2007,V 17 N5 1177

1202 lequieda( 60 Uo Jasn AlsiaAiun yolsee Aq S vy ye/S/L L/S/LL/810Ie/100180/woo dnoolwepese)/:sdiy Woll papeojumod



Levelt WJM. 1983. Monitoring and self-repair in speech. Cognition
14:41-104.

Levelt WJM. 1989. Speaking: from intention to articulation. Cambridge,
MA: MIT Press.

Levelt WJM, Roelofs A, Meyer AS. 1999. A theory of lexical access in
speech production. Behav Brain Sci 22:1-75.

Liotti M, Woldorff MG, Perez R, Mayberg HS. 2000. An ERP study of the
temporal course of the Stroop color-word interference effect.
Neuropsychologia 38:701-711.

Luu P, Tucker DM. 2001. Regulating action: alternating activation of
midline frontal and motor cortical networks. Clin Neurophysiol
112:1295-13006.

MacDonald AW, Cohen JD, Stenger VA, Carter CS. 2000. Dissociating
the role of the dorsolateral prefrontal and anterior cingulate cortex
in cognitive control. Science 288:1835-1838.

Meyer AS. 1992. Investigation of phonological encoding through speech
error analyses: achievements, limitations, and alternatives. Cognition
42:181-211.

Motley MT, Baars BJ. 1976. Laboratory induction of verbal slips: a new
method for psycholinguistic research. Commun Q 24:28-34.

Motley MT, Baars BJ, Camden CT. 1983. Experimental verbal slip studies:
a review and an editing model of language encoding. Commun
Monogr 50:79-110.

Mowrey RA, MacKay IRA. 1990. Phonological primitives: electromyo-
graphic speech error evidence. ] Acoust Soc Am 88:1299-1312.
Nooteboom SG. 1980. Speaking and unspeaking: detection and correc-
tion of phonological and lexical errors in spontaneous speech. In:
Fromkin VA, editor. Errors in linguistic performance: slips of the
tongue, ear, pen, and hand. New York: Academic Press. p 215-240.

Nooteboom SG. 2005a. Lexical bias re-re-visited. Some further data on its
possible cause. Proceedings of Disfluency in Spontaneous Speech;
2005 September 10-12; Aix-en-Provence, France. p 139-144.
Available at http://www.isca-speech.org/archieve/diss_05

Nooteboom SG. 2005b. Lexical bias revisited: detecting, rejecting and
repairing speech errors in inner speech. Speech Commun 47:43-58.

Pascual-Marqui RD, Michel CM, Lehmann D. 1994. Low resolution
electromagnetic tomography: a new method for localizing electrical
activity in the brain. Int J Psychophysiol 18:49-65.

Penfield W, Jasper HH. 1954. Epilepsy and the functional anatomy of the
human brain. New York: Little Brown.

Penfield W, Welch K. 1951. The supplementary motor area of the
cerebral cortex; a clinical and experimental study. AMA Arch Neurol
Psychiatry 66:289-317.

Phillips C, Rugg MD, Friston KJ. 2002. Anatomically informed basis
functions for EEG source localization: combining functional and
anatomical constraints. Neuroimage 16:678-695.

1178  Brain Activity to Speech Errors - Moller and others

Pizzagalli DA, Lehmann D, Hendrick AM, Regard M, Pascual-Marqui RD,
Davidson RJ. 2002. Affective judgments of faces modulate early
activity (160 ms) within the fusiform gyri. Neuroimage 16:663-677.

Postma A. 2000. Detection of errors during speech production: a review
of speech monitoring models. Cognition 77:97-131.

Pouplier M, Hardcastle W. 2005. A re-evaluation of the nature of speech
errors in normal and disordered speakers. Phonetica 62:227-243.

Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. 2004. The
role of the medial frontal cortex in cognitive control. Science
306:443-447.

Roelofs A. 2004. Error biases in spoken word planning and monitoring by
aphasic and non-aphasic speakers: comment on Rapp and Goldrick
(2000). Psychol Rev 111:561-572.

Scherg M, Bast T, Berg P. 1999. Multiple source analysis of interictal
spikes: goals, requirements, and clinical value. J clin Neurophysiol
16:214-224.

Shattuck-Hufnagel S. 1983. Sublexical units and suprasegmental struc-
tures in speech production planning. In: MacNeilage PF, editor. The
production of speech. New York: Springer. p 109-1306.

Stemberger JP. 1982. Syntactic errors in speech. J Psycholinguist Res
11:313-345.

Stemberger JP. 1983. Speech errors and theoretical phonology: a review.
Bloomington, IN: Indiana University Linguistics Club.

Talairach J, Tournoux P. 1988. Co-planar stereotaxic atlas of the human
brain. New York: Thieme Medical Publishers.

Ullsperger M, von Cramon DY. 2001. Subprocesses of performance
monitoring: a dissociation of error processing and response compe-
tition revealed by event-related fMRI and ERPs. Neuroimage
14:1387-1401.

Wheeldon LR, Levelt WJM. 1995. Monitoring the time course of
phonological encoding. ] Mem Lang 34:311-334.

Wilshire CE. 1998. Serial order in phonological encoding: an exploration
of the ‘word onset effect’ using laboratory-induced errors. Cognition
68:143-160.

Woolsey CN, Erickson TC, Gilson WE. 1979. Localization in somatic
sensory and motor areas of human cerebral cortex as determined by
direct recording of evoked potentials and electrical stimulation. J
Neurosurg 51:476-500.

Yeung N, Cohen JD, Botvinick MM. 2004. The neural basis of error
detection: conflict monitoring and the error-related negativity.
Psychol Rev 111:931-959.

Ziegler W. 2002. Psycholinguistic and motor theories of apraxia of
speech. Semin Speech Lang 23:231-244.

1202 lequieda( 60 Uo Jasn AlsiaAiun yolsee Aq S vy ye/S/L L/S/LL/810Ie/100180/woo dnoolwepese)/:sdiy Woll papeojumod


http://www.isca-speech.org/archieve/diss_05

