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Abstract

Objective—We investigated whether the Bereitschaftspotential (BP), an event related potential
believed to reflect motor planning, would be modulated by language-related parameters prior to
speech. We anticipated that articulatory complexity would produce effects on the BP distribution
similar to those demonstrated for complex limb movements. We also hypothesized that lexical
semantic operations would independently impact the BP.

Methods—Eighteen participants performed 3 speech tasks designed to differentiate lexical
semantic and articulatory contributions to the BP. EEG epochs were time-locked to the earliest
source of speech movement per trial. Lip movements were assessed using EMG recordings.
Doppler imaging was used to determine the onset of tongue movement during speech, providing a
means of identification and elimination of potential artifact.

Results—Compared to simple repetition, complex articulations produced an anterior shift in the
maximum midline BP. Tasks requiring lexical search and selection augmented these effects and
independently elicited a left lateralized asymmetry in the frontal distribution.

Conclusions—The findings indicate that the BP is significantly modulated by linguistic
processing, suggesting that the premotor system might play a role in lexical access.

Significance—These novel findings support the notion that the motor systems may play a
significant role in the formulation of language.

" Corresponding author. Tel.: +1 301 435 5140; fax: +1 301 402 0409. mcardle@nidcd.nih.gov (J.J. McArdle)..
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1. Introduction

The most extensively studied electrophysiological index of voluntary movement, known as
the Bereitschaftspotential (BP), was first characterized by Kornhuber and Deecke (1965).
The BP is a slow, negative waveform which precedes electromyographic (EMG) activity
associated with volitional movement, by approximately 1-1.5 s and has been most
thoroughly studied in relation to finger and other distal limb movements.

The early portion of the limb BP (BP1), is symmetrically distributed across the central and
parietal regions of the scalp with its maximum negativity at the scalps vertex. The later
portion of the BP (BP2) begins approximately 500 ms prior to movement and is
characterized by a relatively steeper slope and a slight lateralization over the central scalp
region (Shibasaki and Hallett, 2006).

The BP has been shown to also precede other willed actions, such as eye blinks, swallowing,
and orofacial movements. A number of researchers have investigated the topography and
morphology of the BP preceding speech (Brooker and Donald, 1980; Deecke et al., 1986;
Empson, 1982; Grabow and Elliott, 1974; McAdam and Whitaker, 1971; Morrell and
Huntington, 1972; Szirtes and Vaughan, 1977; Wohlert, 1993). A comprehensive
understanding of the conditions that elicit a speech BP and the factors that affect its
amplitude and topographical distribution would be beneficial for many reasons; it would
advance our understanding of the brain mechanisms that underlie normal speech production
and help to elucidate the pathophysiology and treatment of neurological disorders which
impair these mechanisms.

The results of the earlier investigations of the speech-related BP cited above, however, have
been inconsistent, and the relationship of the BP to the planning, formulation, and cognitive/
linguistic properties of speech has yet to be determined.

As with movements of the limbs, the speech BP appears to begin approximately 2 s prior to
the onset of muscle activity and to have an early (BP1) medial frontocentral distribution
(Deecke et al., 1986; Grozinger et al., 1975). However, the topographic distribution of the
later (BP2) component has been more controversial and varied within the literature. Deecke
et al. (1986) reported a left precentral and frontal asymmetry in the BP2 topography. While,
Wohlert (1993) reported a consistently symmetrical distribution for both the early and later
part of the speech BP. The issue of laterality has dominated the literature on the topic of
speech BP and evidence from multiple studies has lent support to both the lateralized
distribution found by Deecke (Empson, 1982; McAdam and Whitaker, 1971) and the
symmetrical distribution reported by Wohlert (Brooker and Donald, 1980; Grabow and
Elliott, 1974; Morrell and Huntington, 1972).
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This lack of consensus may stem in part from several variations in the methodologies used
by previous researchers. However, the influence of speech muscle artifact contamination
seems to be a primary source of confusion and inconsistency.

Speech related electrophysiological data have been shown to be highly susceptible to
electromyographic (EMG) artifact due to the close proximity of the articulators to scalp
EEG recording sites (Szirtes and Vaughan, 1977). Studies that have examined the BP prior
to limb movement generally used the onset of EMG from a muscle involved in the initial
movements as the time-locking event. However, in the case of speech, since the source of
the earliest movements was unclear, many early researchers (Brooker and Donald, 1980;
Empson, 1982; Grabow and Elliott, 1974; McAdam and Whitaker, 1971; Morrell and
Huntington, 1972; Szirtes and Vaughan, 1977) selected the onset of phonation rather than
muscle activity as a time-locking event for averaging of the BP. Nevertheless, articulatory
movements typically precede actual vocalization and may therefore introduce EMG artifact
into the averaged BP signal. Later studies sought to avoid contamination by time-locking BP
averaging to the onset of lip EMG. Yet speech involves multiple articulatory muscles and
the initial movements associated with speech do not invariantly originate from the lips but
can also involve movements of the glottis or the tongue.

The initial goal of this study was to establish a reliable means of measuring the speech BP.
To do so, a novel approach was developed for the exclusion of artifacts: in addition to the
acoustic signal, speech movement onset was simultaneously monitored from the lips, tongue
and glottis, in order to identify on a trial by trial basis, the initial source of movement. Thus,
for each individual trial, data averaging could be time-locked to the precise onset of
articulatory movement, so that the BP would remain unobscured by any preceding
articulation-related muscle artifact. The means by which each of these articulators was
monitored and the method employed for determining their onset patterns is discussed in
Section 2.

Once a reliable speech BP was obtained, the principal goal of the present study was to
determine the ways in which the BP might be modulated by the articulatory and linguistic
features of spoken language.

It is clear that articulatory complexity should be expected to affect the speech BP in some
manor. The effects of motor complexity are well established for the BP preceding distal limb
movement. Several authors have demonstrated, for example, that the BP preceding complex
sequences of limb movements are generally higher in amplitude and of longer latency than
those preceding more simplistic motor sequences (Cui et al., 2000; Kristeva, 1984; Schreiber
et al., 1983; Simonetta et al., 1991). Though no direct comparisons between simple and
complex speech utterances appear within the literature, some evidence suggests that motor
complexity might also influence features of the speech-derived BP. For example, speech BP
studies which utilized simple speech tasks, such as the repetition of a single, motorically
non-complex utterance (Grabow and Elliott, 1974; Morrell and Huntington, 1972; Wohlert,
1993) tended to report lower BP amplitudes than those which required participants to
perform varied, and thus somewhat more complex, speech utterances (Brooker and Donald,
1980; Deecke et al., 1986; Empson, 1982; McAdam and Whitaker, 1971).
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Topographic differences in the speech BP distribution might also be anticipated between
simple and complex utterances. Findings from functional neuroimaging studies (Picard and
Strick, 1996) suggest differential roles of the pre-SMA, SMA and other midline brain
structures in the planning and formulation of simple utterances and those which require
complex articulatory movements.

Beyond articulatory complexity, there is also reason to expect that cognitive—linguistic
operations may impact the features of the speech BP. It is known, for example, that
cognitive factors such as attention (Kornhuber and Deecke, 1965) and motivation (McAdam
and Seales, 1969) influence the features of the BP prior to limb movements. Some evidence
suggests that such factors might also affect the speech BP. For example, lateralized speech
BP distributions appear to have been more frequency reported by researchers who used tasks
requiring the participants to make lexical decisions prior to speech (Deecke et al., 1986;
McAdam and Whitaker, 1971), while symmetrical BP distributions were more often
reported in studies that used simple word repetition tasks (Grabow and Elliott, 1974; Morrell
and Huntington, 1972; Wohlert, 1993). Moreover, a growing body of literature suggests a
functional interaction between language and motor systems at multiple levels (Corballis,
2003; Hauk et al., 2004; Kimura, 1993; Liberman and Whalen, 2000; Lieberman, 1985;
Pulvermuller et al., 2001).

Considering this evidence, the present set of experiments was designed to characterize and
disambiguate the effects of articulatory and cognitive complexity on the characteristic
features of the speech-related BP. It was hypothesized that the BP would be independently
affected by task related variations in both domains.

Variations in both articulatory complexity and lexical selection were expected to result in
changes in the BP topography along the midline. It was hypothesized that tasks requiring
simple, invariant articulatory output would produce their maximum BP amplitude over the
midline vertex of the scalp. In contrast, tasks that necessitate variations in the spoken
utterances, resulting in more complex articulatory patterns, were expected to produce an
anterior shift in the midline BP maximum amplitude.

It was also predicted that in tasks requiring lexical selection prior to articulation, when
words of equivalent phonological complexity had to first be selected from among competing
items in the mental lexicon, there would be a further shift of the maximum BP amplitude
along the anterior midline.

Moreover, it was hypothesized that tasks requiring online lexical selection would also result
in left lateralized asymmetries in the BP distribution, while tasks requiring simple repetition
or word reading, would yield more symmetrical BP distributions.

2. Methods

Eighteen healthy volunteers (8 female) between the ages of 18 and 40 (- = 27:5, SD = 5.86)
participated in the study. All were right handed, as assessed through the Edinburgh

inventory (Oldfield, 1971) (x = 94:4, SD = 9.2), with normal or corrected vision, and
reported English as their native language. All participants were neurologically intact, and
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were not taking any psychoactive medications at the time of their participation in the study.
Participants granted their informed written consent in accordance with the protocol approved
by the NINDS/NIDCD Institutional Review Board.

Participants were seated in an electrostatically shielded chamber during task related EEG
recording. All electrophysiological signals were recorded using 9 mm sintered silver silver-
chloride electrodes. EEG was recorded with a 60 channel electrode cap, conforming to the
extended 10-20 electrode placement system and referenced to physically linked ears. Data
were continuously recorded in DC with 100 Hz low-pass filter using two 32-channel
Synamp bio-amplifiers. Electrical impedance between the ground and all electrodes was
maintained below 5 K. Bipolar leads were placed above and lateral to the left eye, in order
to measure the electro-oculogram. Additional bipolar electrodes were placed at the
vermilion boarders of the upper and lower lips, overlying the orbicularis oris in order to
measure electromyographic activity associated with the onset of lip movements during
speech.

Tongue movement onset during speech was acquired through Doppler imaging of the oral
cavity. An Acuson, model 128 XP sonograph with a C7 transducer was used to generate the
Doppler signals. The transducer was placed between the neck and chin. Adjustments to the
placement of the transducer were made so that a full lateral image of the base of the tongue
could be viewed on the sonograph’s CRT monitor. Signal gain adjustments were made in
order to ensure that any lateral or vertical movement of the tongue base produced detectable
changes in the amplitude of the Doppler signal. Glottal movements during speech were
indexed through throat surface recordings of the electroglottogram (EGG), an impedance
based measure. The participants’ spoken responses were recorded to a Sony model ICD-
MS1 digital audio recorder and to the hard-drive of a Compag computer, with a Pentium 11l
processor using the sound capture function of the Presentation software package
(Neurobehavioral Systems, Inc.; http://nbs. neuro-bs.com).

The amplitudes of the Doppler, EGG, EMG and acoustic signals were attenuated by a factor
of 500, using signal conditioning hardware, and acquired in synchrony with EEG, all at the
sampling rate of 2000 Hz.

2.1. Experiment 1: assessment of multiple sources of articulatory movement

A preliminary experiment was conducted with 7 participants in order to determine the utility
of the selected measures of articulatory movement. Participants performed verbal tasks
while articulatory movements and acoustic signals were monitored in real time.

2.2. Experiment 2: comparison of the bp derived from speech and limb movements

Experiment 2 was conducted in order to compare the topographic distributions of the BP
prior to speech and simple distal limb movements. Six participants performed right hand
finger flexion and a simple speech task. Limb movement onset was determined using bipolar
surface EMG recorded over the digitorum communis.
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2.3. Experiment 3: impact of articulatory complexity and lexical access on the speech-

related BP

Participants were seated facing a 34 cm LCD monitor. For each of the three tasks, trials
began with a visual cue presented to the participant at a 5° visual angle from 1.5 m. Though
initiation of speech was self-paced, participants were instructed to wait approximately 3-5 s
following the cue and then to make crisp vocal response from a resting state in which the
articulatory muscles were relaxed and the tongue rested on the floor of the mouth.
Participants were trained to achieve this without counting and had ample practice sessions
prior to recording. Approximately 100 trials were recorded per task for 18 participants.

2.3.1. Verbal fluency task (VF)—Eleven category names (mammals, fish, birds,
vegetables, fruit, trees, beverages, US states, furniture, musical instruments, and tools) were
orthographically presented to participants in random order. Interstimulus intervals (1SI)
varied from 8 to 10 s between trials. Participants were instructed to wait 3-5 s and then
respond by naming a member from the category. For example, appropriate responses to the
cue “Mammal” might be “Bear” or “Rabbit”. Participants were encouraged to generate
unique category members for each trial and not to name the same member more than once.
Data were collected from 100 trials. A research assistant monitored and transcribed the
participant’s verbal responses.

2.3.2. Word reading task (WR)—In order highlight the effects of semantic operations on
the characteristics of the speech BP it was necessary to include a comparison task which was
motorically equivalent to the VVF task but did not require lexical search and selection. A
word reading task was selected for this purpose. Words, which were transcribed from the
participant’s responses during the VF task, were randomized and presented orthographically
at a variable ISI between 8 and 10 s. Participants were instructed to wait 3-5 s and then to
repeat aloud each presented word. Data were collected from 100 trials.

2.3.3. Simple speech task (SS)—The single word “pool” was presented repeatedly at
the same variable ISI mentioned above. Participants were instructed to wait approximately
3-5 s and then to repeat the word “pool” aloud. Data were collected from 100 trials.

Task order was counterbalanced between participants, with the exception of the VF task,
which by necessity always preceded word reading.

ERP averaging was time-locked to the onset of the earliest source of articulation related
movement on trial by trial bases. Movement onset was determined using a program included
in the BESA electrophysiological data analysis software package, which identified the time
points at which specified voltage thresholds had been reached for each of the articulator
movement channels. Movement data from the tongue and lips were rectified and smoothed
by a low-pass filter with 40 Hz cut-off prior to the identification of lip EMG and tongue
movement onset. Due to amplitude variations between participants, voltage thresholds for
the lips and tongue were determined individually per participant. Participants’ lip and tongue
data from each of the three conditions were visually inspected and 20 EMG and Doppler
bursts which appeared to typify those recorded from the participant were arbitrarily selected.
Amplitudes from the earliest peaks of each burst were then averaged in order to determine
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voltage threshold. From the 18 participants, the mean EMG and Doppler voltage thresholds
were 14.30 uV, SD = 1.05 and 168.41 uV, SD = 24.15, respectively. A second inspection of
the articulator movement data was performed following trigger placement in order to
identify any anomalous, non-speech related markers. Raw EEG data were epoched into 6000
ms interval, beginning 3000 ms prior to, and ending 3000 ms following the onset of
articulator movement. DC offset corrections were performed using the first 500 ms of each
epoch as a baseline interval. Epochs were visually inspected for ocular and speech related
muscle artifact. Those determined to contain muscle artifacts preceding speech onset were
removed from the analysis. The remaining epochs were averaged in order to derive the BP.

An inspection of individual participant averages revealed BP morphological characteristics
similar to the early, slow BP1 and the steeper BP2, which typically precede limb
movements. The BP1 began approximately 2500 ms prior to movement onset and was
followed by the BP2 at 2000 ms premovement, which was consistent with the latencies of
the BP recorded prior to speech and complex movements from prior studies (Deecke et al.,
1986; Kristeva, 1984; Wohlert, 1993). However, due to individual differences in the onsets
of the BP1 and BP2 between participants the grand average (n = 18) demonstrated no
morphological distinctions between the BP1 and BP2. Maximum amplitude variations
between tasks were within the interval of —1000 ms and the onset of movement, thus the
average amplitude within this interval was selected as the dependent measure.

Homologous electrode pairs were selected in order to assess the laterality and anteriority
effects described in the hypotheses section. For midline comparisons, electrodes Cz and FCz
were selected. Lateral pairs included F3—-F4, FC1-FC2, FC3-FC4, and C5-C6. Averaged
voltages of the BP from electrodes representing right hemisphere or posterior medial cortical
regions were compared to BP voltages from their left homolog or in the case of the electrode
representing the posterior medial cortex, the electrode to its immediate anterior. Mean
amplitude values were obtained from ERP data recorded during each of the three tasks for
statistical comparison.

2.4. Data analysis

The hypothesized effects of task on the lateral and medial BP distribution were assessed
through comparisons of mean amplitudes between paired electrodes. Two factor repeated
measures analyses of variance (ANOVA) were performed for each of the hypothesized
regional differences in BP topography. Thus, four separate ANOVAs were conducted to test
for hypothesized hemispheric asymmetries over the frontal, superior frontocentral, mid-
frontocentral, and central regions and a 5th to test differences in midline topographic
distribution. Factors included were task: 3 levels (verbal fluency, simple speech, and word
repetition) x electrode: 2 levels (left and right or in the case of medial differences, anterior
and posterior). Task and electrode were treated as repeated variables. Due to potential
covariation between experimental conditions, introduced by the repeated measures design,
the Huynh and Feldt Epsilon correction was applied to each calculated F-statistic. All tests
were held to a family-wise a of .05. Planned comparisons were performed only when the F-
test associated with a specific hypothesis produced an interaction significant at p < .05.

Clin Neurophysiol. Author manuscript; available in PMC 2016 March 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McArdle et al.

3. Results

Page 8

Hypotheses specific mean comparisons were performed using paired t-tests, with Bonferroni
corrections in order to maintain the specified experiment-wise type | error rate.

3.1. Experiment 1: assessment of multiple sources of articulatory movement

Experiment 1 was conducted in order to assess the utility of several measures of articulatory
movement. Table 1 contains the mean onset latencies of the articulatory movements and the
acoustic signal. For speech utterances beginning with various phonemes, movements of the
lips and tongue always preceded vocal fold adduction and the acoustic signal. Articulation
began with lip movement on 60% and with tongue movement on 40% of the trials (see Fig.
1). It was therefore deemed unnecessary to measure vocal fold adduction in Experiment 3.

3.2. Experiment 2: comparison of the bp derived from speech and limb movements

Experiment 2 was conducted in order to compare the topographic distributions of the BP
prior to speech and simple distal limb movements. Fig. 2 illustrates the grand-average BP
waveforms derived from finger flexions and the simple speech task (left) and topographic
maps of the BP amplitude averaged over the last 2000 ms prior to movement onset. Both
simple speech and finger movements produced symmetrical BP distributions over the frontal
scalp region. However, right hand finger flexions produced a prominent left hemisphere
asymmetry in the central BP distribution, most prominent within the final 500 ms prior to
the onset of movement, while the BP derived from simple speech was symmetrical over the
central region. BP onset latencies also differed between limb and speech movements. The
BP preceded finger flexions by 2000 ms and for simple speech the BP began approximately
3000 ms prior to EMG onset.

3.3. Experiment 3: impact of articulatory complexity and lexical access on the speech-

related BP

Although the Bereitschaftspotential has been traditionally associated with motor planning
and readiness prior to distal limb movement, it was proposed in the present study that lexical
selection as well as articulatory complexity would contribute to variations in the topography
of the BP preceding speech. Tasks were designed to dissociate the effects of these two
aspects of spoken language production on the topographic distribution of the BP.

Specifically, it was hypothesized that increased articulatory complexity would produce a
midline shift in maximum BP voltage to the anterior scalp midline. Thus, both the verbal
fluency (VF) and word reading (WR) tasks, which required an identical degree of complex
articulatory control (see Section 2), were expected to produce greater BP negativity at the
frontocentral midline, while the simple speech (SS) task was expected to result in maximum
BP amplitude over the vertex.

It was also expected that lexical selection would result in a further increase in BP amplitude
at the anterior midline recording site (FCZ). Thus, it was hypothesized that the VF task,
which, unlike the other two conditions, required a semantically based search of the mental
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lexicon and selection of a lexical target, would yield higher BP amplitude than both WR and
SS at electrode FCZ.

Beyond this, lexical selection was expected to also produce lateralized asymmetries in the
BP topography. It was therefore anticipated that the VVF task would result in left
lateralization of the BP waveform, while the WR and SS tasks would produce more
symmetrical BP distributions.

3.4. Behavioral findings

As noted above, in each of the three tasks, participants were instructed to wait
approximately 4 s, following textual cues, before making a spoken response. For the SS
task, the mean response latency was 3.32 s and for WR and VF the means were 3.35 and
3.76 s, respectively (see Fig. 3). Participant’s mean response latencies by task were analyzed
using a one-way repeated measure ANOVA. It was found that response latency did not
significantly vary among tasks, F(230) = 2.58, p=.1114, £= 0.7346.

3.5. Electrophysiological findings

Separate 2 (electrode site) by 3 (task) repeated measures ANOVAs were performed in order
to determine if task manipulations led to distinct topographic differences in the BP
distribution.

3.6. Effects of articulatory complexity

As hypothesized, the midline BP maximum amplitude was shifted to the anterior midline
scalp for tasks involving complex articulatory movements (see Fig. 4). This was supported
by a two-way repeated measures ANOVA, which revealed a significant interaction of
electrode site and task F(268) = 7.35, p = .0046, £ = 0.6955. One tailed t-tests indicated that
the BP mean amplitude was significantly greater at the anterior midline electrode (FCz) than
the posterior midline electrode (Cz) for the VF, t(68) = 4.21, p =.0003, and WR, t(68) =
2.61, p =.0388, conditions. In contrast, the SS task produced maximum midline amplitude
at the posterior site; amplitude differences between FCZ and CZ were not significant for the
SS task, t(68) = -1.078, p =.9972 (see Table 2).

3.7. Effects of lexical access

Notable effects of lexical access were also found at the midline channels. A significant main
effect of task was found for mean BP amplitude over the midline scalp region, F(268) =
30.15, p<.0001, &= 0.6955. One tailed t-tests indicated that the midline BP mean amplitude
was significantly greater for VF than the WR (t(68) = 4.97, p < .0001) and SS (t(68) = 7.65,
p < .0001) conditions.

Support was also found for hypothesized task-specific hemispheric asymmetries in the BP
topographic distribution (see Fig. 5). A repeated measures ANOVA of the mean BP
amplitude recorded at frontal electrode sites F3 (left) and F4 (right) revealed a significant
interaction of electrode site and task, F(268) = 4.27, p = .0198, £=0.9467. Left and right
mean amplitudes within each of the tasks were compared with one tailed t-tests. VF
produced a significant left-lateralized frontal distribution, t(68) = —4.34, p < .0003. Frontal
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hemispheric asymmetries were not found for tasks which did not require an online lexical
search: comparisons of BP mean amplitudes between the left and right frontal sites were not
significant for WR, t(68) = 1.45, p = .5257 and SS, t(68) = —0.33, p = 1 (see Table 3).
Additionally, main effects of condition were found for means derived from recordings at the
left frontal channel, F(268) = 30.07, p <.0001, £=0.9467 (see Fig. 5). One tailed t-tests
indicated that amplitude differences between VF and WR (t(68) = 4.26, p = .0003) and WR
and SS (t(68) = 3.23, p = .0067) were statistically significant. Amplitude differences at the
right frontal channel were not significant (see Table 3).

4. Discussion

The primary purpose of this study was to test the hypothesis that the features of the
Bereitschaftspotential, an event related potential traditionally associated with motor
planning, would be affected by task parameters specific to spoken language. It was
anticipated that, consistent with what is known about relationships between movement
complexity and the limb BP, the phonological complexity of an utterance would
significantly modify the morphology and distribution of the speech BP. However, it was also
expected that, when articulatory complexity was controlled for, tasks requiring lexical
selection, retrieval of target words from the mental lexicon, would produce independent and
dissociable effects on both the medial and lateral BP topography. This prediction is
consistent with an overarching hypothesis — that motor systems play an integral role in
lexical access, independent of articulation.

Before these hypotheses could be tested, pilot studies were conducted to demonstrate that
the BP could be recorded prior to speech, independent of articulatory artifact.

4.1. Pilot studies: measuring an artifact-free speech BP

4.1.1. Comparison BP derived from speech and limb movements—We first
sought to compare the topography and morphological features of the speech and distal limb
BP collected in the same set of individuals under identical experimental conditions. The BP
was recorded prior to right hand finger flexions and overt spoken repetitions of the word —
Pool— in 6 participants. These movements were selected for comparison due to their
relative simplicity from both a cognitive and motoric standpoint. Mean BP waveforms from
the midline and left and right frontal and central scalp areas are presented with
corresponding topographic maps in Fig. 2. Asymmetry in the BP amplitude was observed
for finger but not simple speech movements, which were also associated with much earlier
BP onset latencies. These observations coincide with the findings of studies of the BP
associated with simple movements of the limb and simple and phonologically invariant
speech utterances. The BP associated with the former typically develops a contralateral
asymmetry approximately 500 ms prior to movement onset over the central scalp region
(Deecke, 2000), whereas a relatively symmetrical distribution has been reported for the BP
associated with simple speech movements (i.e. repetition of single, phonologically simplistic
words) (Wohlert, 1993).

More complex utterances however, particularly in the unconstrained context employed in
the present experiments, are more problematic due to the possibility of artifact
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contamination. This possibility arises because phonologically complex utterances involve
the coordinated, but variable timing of multiple articulators.

4.1.2. Determining the onset of articulatory movements—A number of articulatory
muscles have been implicated as potential sources of movement contamination in speech BP
recordings due to their close spatial proximity to EEG electrode sites. Movement of the
orbicularis oris often precedes the onset of audible speech sounds by 500 ms or more, and
may have influenced the topography of the speech BP in the earliest of studies, which time-
locked data averaging to the acoustic signal. Later studies utilized EMG measured from the
orbicularis oris itself as a means of determining the onset of speech. However, it was still
possible that movements of other articulatory muscles may have preceded the onset of EMG
measured at the orbicularis oris and thereby contaminated the speech BP. Movements of the
tongue and glottis for example have also been implicated as a potential source of
contamination for the speech BP (Grabow and Elliott, 1974; Szirtes and Vaughan, 1977).
Several authors attempted to reduce muscle artifacts from the tongue by tightly constraining
the phonological patterns of the words spoken by participants. For example, in order to
avoid preparatory tongue movements, Wohlert (1993) instructed participants to repeat the
word —Pool— while deemphasizing the /I/ sound at the end of the word. This strategy had
the consequence of limiting investigations of the speech BP to relatively simplistic and non-
cognitively challenging tasks. Moreover, it is not entirely certain that limits on the types of
articulatory gestures performed by participants to those believed to begin with lip
movements would necessarily eliminate preparatory tongue movements. This point is
highlighted by evidence from X-ray microbeam recordings of speech which has
demonstrated that the order of articulatory movements varies considerably not only between
utterances of varying phonological patterns, but also between repeated utterances of the
same word (Westbury et al., 2000).

Several means of assessing the onset of speech related muscle movement were explored in
the present study. While standard bipolar electrodes could be utilized for recording EMG
from the orbicularis oris, overlying the lips, the motions of the tongue and glottis could not
be accurately monitored through EMG surface recording. Two methods, novel to ERP
research, were adopted in order to monitor tongue and glottal movements. First, Doppler
imaging was examined as a means of determining the onset of tongue movement. As noted
previously, direct measurements of tongue movement have been problematic, due to its
enclosure in the oral cavity and pharynx. Doppler has been a popular means of imaging the
tongue due to its noninvasive nature (Stone, 1989) and the temporal resolution it provides
makes Doppler highly suitable as an index of the onset of tongue movement during
articulation. Second, we used the electroglottogram (EGG) as a means of determining glottal
adduction during speech. However, there were no observed instances of glottal movement
preceding those of either the lips or tongue during the articulation of single words (see Table
1). Thus EGG measurements were discontinued during the primary experiment.

We found instead that, depending on the initial phoneme, the lips or tongue always were
represented the source of first articulatory movement. Thus, by accurately measuring the
activity of each of these articulators, it was possible to determine, on a word by word basis,
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the precise onset of the earliest reliable speech trigger and time-lock ERP averaging to these
events in order to avoid movement-related contamination of the BP.

Confident that a reliable speech BP could be recorded, independent of muscle artifact, we
were able to conduct the principal experiments, designed to examine the effects of
articulatory complexity and lexical access on the features of the speechrelated BP.

4.2. Task-related modulation of the speech BP

4.2.1. Effects of articulatory complexity—Confirmatory evidence was found in
support of the first hypothesis, that increased articulatory complexity would result in an
anterior midline shift in the maximum BP voltage. It was anticipated that the verbal fluency
(VF) and word reading (WR) tasks, in which the articulatory patterns of utterances were
more complex, would produce greater BP negativity at the frontocentral midline, possibly
due to the recruitment of more anterior portions of the SMA, while the simple speech (SS)
task was expected to result in BP maximum over the vertex. A significant interaction
between task and electrode site supported this hypothesis. Mean BP amplitudes in the VVF
and WR tasks were significantly greater at the anterior (FCZ) when compared to the
posterior midline site (CZ). In contrast, the SS condition produced a greater BP amplitude at
CZ than at FCZ, though the difference was non-significant (Fig. 4).

The notion that the anterior cortical midline regions subserve the production of relatively
complex articulatory patterns is in agreement with findings from neuroimaging studies of
both limb and speech movements. For example, Picard and Strick (1996) concluded from
their review of PET movement studies that task complexity played a significant role in the
pattern of medial premotor area activation. Movements characterized by more elementary
temporal or spatial organization typically elicit increases in rCBF within the region of SMA
proper. Tasks requiring more complex sequences of movement resulted in additional
increases in the pre- SMA and rostral portions of the cingulate motor area (CMA).

A similar shift in topography of the BP has also been demonstrated for complex movements
of the distal limbs (Niemann et al., 1991; Schreiber et al., 1983), and more recently, using
both source localization techniques (Cui et al., 2000) and event related fMRI (Deecke,
2000), researchers have confirmed that this midline topographic shift in maximum BP
amplitude is related to the recruitment of pre-SMA and CMA for tasks requiring more
complex finger movements. The present study is the first to demonstrate a similar anterior
progression for complex speech.

4.2.2. Effects of lexical access—In addition, our results also suggest that the anterior
midline regions play a role in lexical selection underlying categorical word retrieval. The VF
task, which required the participants to generate exemplars from several semantic categories,
produced BP amplitudes at FCZ that were greater not only than the SS task, in which
responses were stereotypic, but also greater than the WR task, in which the responses were
identical with respect to articulatory complexity but were read rather than generated
spontaneously.
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These findings, along with those outlined above, suggest that the anterior midline cortical
regions support two roles in the formulation of spoken language — the organization of
complex articulatory movements as well as processes associated with early lexical access.

This interpretation is consistent with imaging studies that have demonstrated increased pre-
SMA activation for speech tasks requiring the retrieval of semantic information, when
compared to word reading (Petersen et al., 1988; Wise et al., 1991). Thus it is reasonable to
infer that the anterior shift in BP amplitude demonstrated in the present study during the
verbal fluency task may reflect involvement of the pre-SMA. Unlike the SMA proper, the
pre-SMA has numerous reciprocal connections with the prefrontal cortex. It therefore seems
plausible that the pre-SMA subserves functional roles higher order linguistic operations as
well as articulation.

In addition to effects on the midline BP topography, a dissociation between the effects of
articulatory complexity and lexical access was also found in the frontolateral scalp region.
These results support the hypothesis that lexical search and selection would result in
lateralized asymmetries in the BP topography. It was specifically predicted that the VF task
would result in left lateralization of the BP waveform, while the WR and SS tasks, which
require phonetic encoding and articulation but not selection of words, would produce a more
symmetrical BP distribution. A significant interaction between condition and frontolateral
electrode site provided confirmatory support for this: Mean BP amplitude differences
between the left (F3) and right (F4) frontolateral electrode sites were found only for the VF
condition, in which amplitude in the left hemisphere was significantly greater than the right.
Furthermore, main effects of condition were found at the left frontal site (F3) between each
of the three tasks. Left frontolateral mean BP amplitude was significantly greatest for the VF
task, followed by WR and then SS. Amplitude differences were not significant between
conditions at the right frontocentral site (F4) (Fig. 5).

Considering these findings, it does appear that under certain conditions the speech-related
BP is markedly left lateralized over the mid-frontal region (Fig. 6). As noted above, several
previous studies found no evidence of hemispheric lateralization (Brooker and Donald,
1980; Grabow and Elliott, 1974; Morrell and Huntington, 1972; Wohlert, 1993). Possible
reasons for this may have to do with differences in locations of the recording sites selected.
Many of these studies recorded exclusively from electrodes over the central scalp region.
Moreover, EMG contamination, resulting from movements of the tongue and other
articulators, may possibly have masked any evidence of BP lateralization. Given the present
results, however, a more likely explanation for these conflicting findings is that the
paradigms used in earlier studies that found no evidence of lateralization in the speech BP
employed simple speech tasks that did not require lexical search and selection.

4.3. Language motor interactions

Left lateralization associated with language processing is not unexpected and ample
evidence from imaging and electrophysiological studies lends support to this view. It may
seem curious however that the topographic distribution of the BP, which is most commonly
associated with readiness or preparation for volitional movements, should be modulated by
tasks that differ purely in terms of cognitive-linguistic operations.
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A growing body of literature suggesting a functional interaction between cortical motor and
language networks may shed light on this finding. Converging evidence from a diverse
range of disciplines suggests that the cortical system subserving language may have evolved
from a pre-existing gestural system of communication (Corballis, 2003; Kimura, 1993;
Liberman and Whalen, 2000; Lieberman, 1975, 1985, 1984). A link between the language
and motor systems has also been demonstrated by several studies which found changes in
hemodynamic activation and electrophysiological amplitudes within the motor and premotor
cortices for spoken and written linguistic processes ranging from phonology to semantics
(Hauk et al., 2004; Pulvermuller et al., 2001). Additionally, transcranial magnetic
stimulation studies have demonstrated an interaction of language and motor systems during
a lexical decision task (Pulvermuller et al., 2005).

Together, these findings suggest an active role of the cortical motor system in the processing
of language. The results of the present experiment support this notion, specifically indicating
that the mesial premotor structures and the prefrontal regions with which they interact may
play an integral role in the process of searching for and retrieving words from the mental
lexicon.

5. Conclusions

In summary, our findings demonstrate that accurate recordings of the BP prior to speech can
be obtained when EEG data is timelocked to the earliest articulatory movement on a word
by word basis. Due to the considerable variability present in the order of articulatory
movements, it was necessary to monitor a number of muscles in order to identify the earliest
movements associated with speech. This method improved the accuracy of responselocked
averaging and eliminated preparatory muscle artifact contributions to the speech BP.

When measured accurately, the speech BP is similar to the BP preceding distal limb
movement in that it appears as a slow negative deflection in the ERP and is maximal over
the central and frontocentral scalp regions. Unlike the limb movement derived BP, the
speech BP begins at much earlier latencies (approximately 2500 ms prior to the onset of
speech).

Speech and language-related factors appear to significantly modulate the amplitude and
topographic distribution of the speech BP. Not unexpectedly, the maximum midline
amplitude of the speech BP shifts in an anterior direction for more articulatory complex
speech utterances. More surprisingly though, it appears that cognitive processes associated
with lexical search and selection result further increases in the anterior amplitude and left-
lateralized frontal BP asymmetry. This novel finding supports the notion that the motor
systems may play a significant role in the formulation of language.
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Fig. 1.

2000 ms

Synchronous recordings of articulation related movement from the tongue, lip, and
phonogram during single word utterance. (A) For the word “Piranha” lip movement begins
220 ms prior to the onset of tongue movement and 600 ms prior to the phonation. (B) For
the word “Dog” tongue movement begins 335 ms prior to the onset of lip movement and

417 ms prior to the phonation.

Clin Neurophysiol. Author manuscript; available in PMC 2016 March 16.

Page 17



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

McArdle et al.

Finger Flexion Simple Speech
Frontal Frontal /[-’\\
\ A\
L N e 1 i /i i N i 4
3000 2000N=2 & o /] 000 3000 ms
* midline

left
- right

Central

Fig. 2.

Bereitschaftspotential waveforms from right hand finger flexions (top left) and simple
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speech (top right). Topographic maps of the mean amplitude from —2000 to 0 ms prespeech

are shown on the bottom.
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Fig. 3.
Mean articulator movement onset latencies from visual cues. No significant latency
differences were found between conditions.
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Fig. 4.
Comparison of averaged BP waveforms from anterior (FCz) and posterior (Cz) midline

electrodes, in the verbal fluency (VF), word reading (WR), and simple speech (SS)
conditions.
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Fig. 5.
Comparison of averaged BP waveforms from left (F3) and right (F4) frontal electrodes, in
the verbal fluency, word reading, and simple speech conditions.
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Fig. 6.
Topographic voltage maps of BP amplitude from —2000 ms to speech onset from the verbal

fluency, word reading, and simple speech conditions.
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Mean articulator movement onset latencies.

Articulator Onset () SE

Lip-EMG 4.99 0.73
Tongue-Doppler 4.95 1.02
Glottis-EGG 5.19 0.69
Acoustic signal-microphone  5.31 0.73

Table 1

Page 23

Note. Mean onset latencies following visual cues for 7 participants (4 performed a semantic verbal fluency task and 3 named objects presented as

line drawings).
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Table 2

Midline anterior and posterior BP mean amplitudes by condition.

Condition Midline electrode site

Anterior (FCZ) Posterior (CZ)

Verbal fluency  -11.5349,, —7.61528 1
Word reading ~ -7.5204,, -5.08678) ,
Simple speech  —4.03186, 3 -5.03614, ,

Note. Means within the same row with differing alphabetic subscripts and means within the same column with differing numeric subscripts were
significantly different at p < .02, when compared, using one-tailed Bonferroni corrected t-tests.
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Table 3

Frontal hemispheric asymmetries in BP mean amplitudes by condition.

Condition Frontal electrode site
Left (F3)  Right (F4)

Verbal fluency -11.591,; -5.959;,
Word reading  -6.072,,  -4.185,,
Simple speech  -1.882,3 -1.445,3

Note. Means within the same row with differing alphabetic subscripts and means within the same column with differing numeric subscripts were
significantly different at p < .02, when compared using one-tailed Bonferroni corrected t-tests.
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