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Recent evidence has shown that processing action-related language and motor action share common
neural representations to a point that the two processes can interfere when performed concurrently.
To support the assumption that language-induced motor activity contributes to action word understand-
ing, the present study aimed at ruling out that this activity results from mental imagery of the move-
Language processes . . - .
Interference ments depicted by the words. For this purpose, we examined cross-talk between action word
EEG processing and an arm reaching movement, using words that were presented too fast to be consciously
perceived (subliminally). Encephalogram (EEG) and movement kinematics were recorded. EEG record-
ings of the “Readiness potential” (“RP”, indicator of motor preparation) revealed that subliminal displays
of action verbs during movement preparation reduced the RP and affected the subsequent reaching
movement. The finding that motor processes were modulated by language processes despite the fact that
words were not consciously perceived, suggests that cortical structures that serve the preparation and

Kinematics

execution of motor actions are indeed part of the (action) language processing network.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

A recently emerging view considers that language processing
and motor action share common neural substrates. Two major
models, the first based on Hebbian learning (Pulvermiiller, 1996,
2001, 2005) and the second on the existence of the “mirror neuron
system” (Fadiga and Craighero, 2004; Gallese and Lakoff, 2005;
Rizzolatti and Arbib, 1998; Rizzolatti et al., 2001), suggest that pro-
cessing of action words relies on activation of the motor programs
used to perform, observe or simulate the actions referred to by
words, either because of correlation learning (Pulvermiiller,
2005) or because of a predisposition for imitation learning (Rizzol-
atti and Arbib, 1998). Evidence for such shared representations be-
tween word processing and sensory-motor information is provided
by a large range of empirical data (Aziz-Zadeh et al., 2006; Bou-
lenger et al., 2006, 2008; Buccino et al., 2005; Glenberg and Kas-
chak, 2002; Glover et al., 2004; Hauk et al., 2004; Nazir et al., in
press; Oliveri et al., 2004; Pulvermdiller et al., 2005a,b; Tettamanti
et al., 2005; Zwaan and Taylor, 2006; see Fischer and Zwaan, in
press, for a recent review). fMRI Studies, for instance, have demon-
strated somatotopic activation of motor and premotor cortices dur-
ing processing of words or sentences referring to actions
performed with arm, face or leg (Aziz-Zadeh et al., 2006; Hauk

* Corresponding authors.
E-mail addresses: boulenger@isc.cnrs.fr (V. Boulenger), nazir@isc.cnrs.fr (T.A.
Nazir).

0928-4257/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jphysparis.2008.03.015

et al., 2004; Tettamanti et al., 2005). Transcranial magnetic stimu-
lation (TMS) studies have also revealed that the left motor cortex
excitability changes during processing of words or sentences
denoting bodily actions (Buccino et al., 2005; Oliveri et al., 2004).

First attempts to identify the functional role of language-related
activity in cortical motor regions have also been made by investi-
gating the time course of this activity (Boulenger et al., 2006; Pul-
vermiiller et al., 2005a). Using magnetoencephalography (MEG),
Pulvermiiller et al. (2005a) revealed a short-lived somatotopic
activity in motor cortex while participants were listening to face-
and leg-related action words. This activity was observed within
170-200 ms post word onset, which is the time-window within
which early lexico-semantic effects typically occur (Hauk et al.,
2006; Pulvermiiller et al., 1999; Preissl et al., 1995; Sereno et al.,
1998; Sereno and Rayner, 2003). Given this critical delay, the
authors suggested that cortical motor regions could be involved
in action word retrieval and may thus be essential to (action) lan-
guage understanding (for a summary of this idea, see Pulvermiiller,
2005). Boulenger et al. (2006) corroborated this finding by showing
cross-talk between action word processing and overt motor perfor-
mance within the same early time-window. Fine-grained analyses
of movement kinematics could in fact reveal that relative to nouns
without specific motor associations, processing action verbs al-
tered the kinematics of arm reaching movements. When the two
tasks were performed concurrently, processing of action verbs
interfered with the movement (i.e., it delayed and decreased
wrist cceleration peak within 200 ms following onset), whereas
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facilitation of motor performance was observed when the words
were processed prior to movement onset (i.e., it shortened time
to wrist acceleration peak). By providing unambiguous evidence
for the existence of behavioral correlates to language-related activ-
ity in motor regions, this latter study demonstrated that processing
of action verbs and motor action share common neural representa-
tions to the point that the two processes can interfere with each
other.

2. The present study

Despite these intriguing findings, a major argument against the
assumption that cortical motor regions are involved in (action)
word processing is that, even though language-induced activity
in motor regions is observed within less than 200 ms after word
onset, this activity could nonetheless result from mental motor
imagery (voluntary or involuntary mental representation of the
movements depicted by the words; see Jeannerod, 1994) that oc-
curs after the word has been identified. If so, cortical motor regions
would not be vital for the effective processing of action words and
language-related cortical motor activity should rather be consid-
ered a by-product of language processing with no specific func-
tional relevance. The aim of the present study is to rule out this
possibility, by investigating cross-talk between language and mo-
tor processes using visual words that are masked by other visual
symbols, and presented too fast to be consciously perceived:
Words that are not consciously perceived can actually not trigger
mental motor imagery.

Brain imaging studies have established that although partici-
pants do not consciously perceive a visually masked word, the sub-
liminal stimulus automatically pre-activates essential parts of the
cerebral networks for word processing (Dehaene et al., 2001) and
boosts recognition when the same word is displayed again shortly
afterwards (c.f. masked priming; Forster and Davis, 1984; Forster,
1999; also see Marcel, 1983). If cortical motor regions are essential
to the processing of action-related language, masked words that
describe motor actions should therefore activate cortical motor re-
gions. A recent study that we conducted with patients suffering
from Parkinson’s disease (PD), a neurodegenerative disease pri-
marily characterized by motor disorders, seemed to confirm this
assumption (Boulenger et al., 2008). In this study, the subliminal
display of a word (e.g., TABLE) was used to prime a target word
(e.g., table) which was presented overtly shortly afterwards. PD pa-
tients were required to make a lexical decision to the overtly dis-
played target (i.e., deciding whether the stimulus was a word or
not) and reaction time was measured. In such “masked priming”
paradigms, reaction time is typically faster when prime and target
are identical (TABLE-table; e.g., Ferrand et al., 1994), compared to a
condition where prime and target are different (CVKLS-table). The
results of this study revealed that the receptivity of PD patients for
subliminal displays of visual words was conditional on word
meaning. When PD patients were off dopaminergic treatment
(i.e., when motor disorders were important), they showed a selec-
tive deficit to capture information from masked action verbs - but
not from masked concrete nouns. That is, while there was little or
no priming effect for verbs, strong priming was observed for nouns.
Levodopa intake, which re-establishes normal activation level in
premotor and motor areas via the striato-frontal loop, then re-
stored the motor disorders as well as the selective deficit for action
verbs. These results are thus among the first to directly show that
the cortical motor system contributes to the effective processing of
action-related language, because the selective deficit for verbs was
contingent on the motor disorder. The present study aims at
substantiating this finding by analyzing the impact of subliminal
action word displays on the neurophysiological correlates of motor

preparation (using electroencephalography, EEG) and on the sub-
sequent execution of the movement (using kinematic analyses)
in healthy participants.

2.1. Electrophysiological indicator of motor processing: the readiness
potential

A major part of the motor program that controls movement is
computed prior to movement onset and guarantees the efficient
organization of the motor act (Requin et al., 1991; Riehle, 2005;
Schmidt et al., 1979). A simple observation that highlights the role
of these preparatory processes is that providing prior information
about movement parameters (e.g., movement direction), or remov-
ing uncertainty about when a movement has to be executed, short-
ens considerably motor reaction time (Riehle, 2005). Given the
significant role of preparatory processes for a movement, interfer-
ences between language and motor action as previously reported
(Boulenger et al., 2006; Nazir et al., in press) should also be ob-
served when action words are processed during motor preparation
period. Since the “Readiness potential” (RP) is a well-known elec-
trophysiological correlate of movement preparatory processes
(Kornhuber and Deecke, 1965; for a review, see Colebatch, 2007),
we aimed at analyzing this potential during language processing.

The RP, which is believed to arise from premotor and primary
motor areas, is characterized by a slow negative going potential
that starts approximately 1 s prior to movement onset, with max-
imum amplitudes at centro-lateral recording sites (Ball et al., 1999;
Cunnington et al., 2003; Deecke and Kornhuber, 1978; Deecke
et al.,, 1987; Praamstra et al., 1996; Shibasaki et al., 1980). The RP
is generally elicited prior to self-paced voluntary movements, but
it has also been recorded in relation to stimulus-triggered move-
ments (Castro et al., 2005; Kilner et al., 2004). Moreover, some
investigators have regarded the RP as equivalent to the late compo-
nent of the contingent negative variation (CNV, which is a negative
potential recorded prior to cued movements; Walter et al., 1964),
in paradigms in which a “warning” stimulus (S1; which gives ad-
vanced information about the movement that has to be performed)
precedes an “imperative” stimulus (S2) to which participants must
react (S1-S2 paradigm; Griinewald et al., 1979; Rockstroh et al.,
1982; Rohrbaugh et al., 1976; Rohrbaugh and Gaillard, 1983).

In the present study, we will use a S2-centered CNV-like para-
digm in which subsequent to the presentation of a (visual) prepa-
ratory-signal (S1), participants have to quickly reach and grasp an
object in response to a (visual) go-signal (S2). During the prepara-
tory period (i.e., the time interval between S1 and S2), action verbs,
concrete nouns or strings of consonants will be displayed sublim-
inally on a screen. Using a novel paradigm that combines EEG with
kinematic analyses, we will assess the influence of these sublimi-
nal displays on the concurrent preparation and subsequent execu-
tion of the reaching movement, by determining the impact of each
stimulus category on the profile of the RP! and on kinematic param-
eters of motor performance.

3. Predictions

In line with our previous findings (Boulenger et al., 2006; Nazir
et al., in press), we predict that subliminal displays of action verbs

1 In agreement with previous studies (Castro et al., 2005; Kilner et al., 2004), we
will use the term RP to denote the here observed movement-related potential.
Actually, in our CNV-like paradigm, on appearance of the S1, participants had all
necessary information to perform their movement. Since the CNV (also called
“expectancy wave”) requires that S1 only delivers partial information about the
subsequent movement, that is, one must have a “state of uninformed waiting” during
the interstimulus interval (Dimitrov, 2004), we decided not to consider the observed
potential as a proper CNV but rather as a RP.
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during motor preparation will interfere with motor processes and
thus delay and/or diminish the amplitude of the RP (less negative),
compared to concrete nouns. Moreover, as motor preparation re-
lies on central processes responsible for the efficient organization
of motor performance (Requin et al., 1991; Riehle, 2005), sublimi-
nal displays of action words during motor preparation should have
repercussions on the execution of the movement. We therefore ex-
pect that the latency and/or amplitude of the peak of wrist acceler-
ation will occur later and/or be smaller in the action word
condition.

4. Methods
4.1. Participants

Twenty-five French native volunteers (mean age = 27.5 years old) participated
in this experiment. All were right-handed (scores between 0.75 and 1; Oldfield,
1971), and had normal or corrected-to-normal vision. All participants gave their
written informed consent to the experimental procedure.

4.2. Stimuli

One hundred and forty words (70 verbs and 70 nouns) were selected from the
French lexical database “Lexique” (New et al., 2001). Verbs, all in the infinitive form,
denoted actions performed with the hand/arm (e.g., write, throw), while nouns, in
singular form, referred to imageable concrete entities without specific motor asso-
ciations (i.e., that cannot be manipulated, e.g., mill, cliff). Words that could be used
as both nouns and verbs in French were excluded from the selection. Stimuli were
matched for relevant lexical variables including word frequency, length in letters,
number of syllables, bi- and trigram frequency (Table 1). Word age-of-acquisition
was also controlled using empirical ratings performed by 15 volunteers (who did
not participate in the experiment) on a seven-point scale (1=[0-2 years] and
7 = [older than 13 years]; Gilhooly and Logie, 1980). Word imageability was esti-
mated following the same procedure by another 15 volunteers (who did not partic-
ipate in the experiment; with 0 = impossible and 6 = very easy to generate a mental
image of the word).

As a control condition, we also constructed 70 meaningless consonant strings
(not pronounceable in French; e.g., szmfr), matched to words for length in letters
and visual envelope. For the first group of subjects, consonant strings were matched
to a subset of 70 words (35 verbs and 35 nouns), while for the second group, con-
sonant strings were matched for a subset of the 70 remaining words.

4.3. Procedure

Participants were asked to touch a home-pad (10 cm from their chest) with
their right thumb and index finger held in a pinch grip position, while fixating a
monitor (65 cm from their chest). On appearance of a white cross at the centre of
the monitor (preparation-signal; S1), they had to prepare to leave the home-pad
to reach and grasp a small object (L =30 mm; /=15 mm) pasted on the screen
slightly below the cross. Participants were instructed to prepare but not start the
movement before the appearance of the go-signal (S2), which was a white circle,
displayed 950 ms after the onset of S1. The cross, which remained on the screen
for 500 ms, was immediately followed by two successively displayed pattern masks
(each for a duration of 100 ms), followed by a 50 ms display of the orthographic
stimulus (action verb, concrete noun or consonant string), followed by another
two successively displayed pattern masks. The last mask was replaced by the go-
signal (S2; see Fig. 1 for the temporal sequence of the stimuli). Participants were
told to pay attention to the entire sequence of the rapidly changing visual display.

Table 1

Mean values of word frequency (FQ), length in letters (LETT), number of syllables
(SYLL), bigram frequency (BIGR), trigram frequency (TRIG), age-of-acquisition (AoA)
and imageability (IMAG) are reported for concrete nouns and action verbs

Nouns Verbs ANOVAs (by items)

FQ 10.53 10.4 [F (1,138) = .0006; p = ns]
LETT 6.57 6.57

SYLL 2.11 224 [F(1,138) = 1.737; p=ns]
BIGR 4109 4676 [F(1,138) = 1.842; p = ns]
TRIG 505 571 [F(1,138) = .5321; p=ns]
AoA 438 411 [F(1,138) = 1.556; p = ns]
IMAG 448 4.22 [F(1,138) = 3.196; p = ns]

ANQVAs by items are reported in the last column of the table; ns, non significant.
“ " means that, as the number of letters for nouns and verbs was perfectly
matched (one noun matched to one verb), means were equal and statistics were not
performed (p=1).

S2
MI™ 11000ms
M2 [100ms 930
Stim  (100ms 850
M2 50ms 750
M1 100ms i Time (ms)
S1 100ms 600
500ms 500

0

Fig. 1. Temporal sequence of the stimuli. Grey boxes schematically represent the
different stimuli. S1 = preparation-signal (“+”); M1 =mask 1 (########); M2 =
mask 2 ($$$$$$$$); Stim = action verb, concrete noun or consonant-string; M1’ and
M2’ are identical to M1 and M2; S2 = go-signal (white circle). Numerals plotted
under each box denote corresponding display durations in milliseconds. The obli-
que axis on the right illustrates the temporal sequence of the stimuli and gives the
onset of the corresponding item (time 0 corresponds to the onset of S1).“$” and “#”
are nonlinguistic and symbols that were used in strings as masks (before and after
the word stimuli).

Upon presentation of S2, they had to perform the reaching and grasping movement
as fast and as accurately as possible. The go-signal remained on the screen for 1s
(i.e., until participants grasped the object). The next trial was triggered by the
experimenter once participants were in the starting position. Participants were
asked not to blink during the preparatory period in order to not contaminate the
EEG signal. Each orthographic stimulus was displayed once and presentation order
was randomized. Ten training trials (different from the experimental session) famil-
iarized participants with the task.

4.4. Movement acquisition and kinematic analysis

An Optotrak 3020 (Northern Digital) was used to record the spatial positions of
four markers (infrared light-emitting diodes), at a frequency of 200 Hz and with a
spatial resolution of 0.1 mm. One marker, characterizing the reaching component,
was taped on the wrist (Jeannerod, 1981; Jeannerod and Biguer, 1982). The three
remaining markers were fixed on the experimental set-up to define a space in
which all recorded movements were systematically placed from participant to
participant.

A second-order Butterworth dual pass filter (cutoff frequency, 10 Hz) was used
for raw data processing. Movements were then visualized and analyzed using Opto-
disp software (Optodisp: copyright INSERM-CNRS-UCBL, Thévenet et al., 2001).
Kinematic parameters were assessed for each individual movement. We analyzed
reaction time (ms; i.e., time elapsed between the onset of the go-signal S2 and
movement onset) and latency (ms) and amplitude (mm/s?) of wrist acceleration/
deceleration peaks. Movement onset was determined as the first value of a se-
quence of at least eleven increasing points on the basis of wrist velocity profile.
End of movements were determined similarly starting from the end and going
backward. Peak latency was defined as the time elapsed between movement onset
and peak. Both kinematic parameters were determined for each individual trial and
were then averaged for each participant as a function of the three experimental
conditions (action verbs, concrete nouns and consonant strings). Trials in which
participants made errors or anticipated movement execution were excluded from
the analysis. Analyses of variance (ANOVAs) with repeated measures were used
to assess significant differences between the three stimulus categories. Post-hoc
tests (Newman-Keuls) were performed to dissociate effects of each stimulus cate-
gory on the kinematic parameters.

4.5. EEG data acquisition and analysis

Thirty-two sintered Ag/AgCl ring electrodes were placed on elastic caps (ECI
Electro-Cap, Electro-Cap International, Inc., USA) matched to the head size of each
subject. EEG activity was recorded continuously from these 32 electrodes posi-
tioned according to the international 10-20 system (BrainAmp MR, Brain Products
GmbH, Munich, Germany), referenced against Fp2. Horizontal and vertical electro-
oculograms (hEOG and VEOG, respectively) were recorded from bipolar electrodes
placed on the left outer canthus and below the left eye, respectively. EEG and
EOG signals were sampled at 500 Hz, and system band pass was 0.016-250 Hz.
Electrode impedance was kept below 10 kQ throughout the experiment.
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EEG data were processed using BrainAmp Analyze software. The EEG was first
filtered (band-pass 0.01-30 Hz, 48 dB/octave), and re-referenced to a common aver-
age reference including Fp2. Data were then EOG corrected to account for ocular
artifact (Gratton et al., 1983). Data were segmented from 980 ms prior to the onset
of S2 to 700 ms post onset, and baseline corrected (over a window of 100 ms prior
to the onset of the first visual stimulus). Epochs in which the EEG or EOG exceeded
+200 pV were rejected. All trials were averaged time-locked to the go-signal S2 (i.e.,
to corresponds to S2 onset) separately for the three experimental conditions (action
verbs, concrete nouns and consonant strings).

4.6. Readiness potential

Since the RP response is most prominent over the central scalp region, the Cz
electrode was defined as the region of interest. The window of interest was calcu-
lated from the average RP for each participant. This time-window was defined from
word onset (250 ms prior to the go-signal) to the most negative point prior to
movement onset (approximately 100-150 ms after the go-signal). For each partic-
ipant and for every condition, a line of best fit was calculated for the RP in this win-
dow of interest. The gradient of this fitted line was used for statistical analyses. A
series of Wilcoxon Signed-Rank Tests were performed, with an independent vari-
able of stimulus condition (action verbs, concrete nouns and consonant strings),
and a dependant variable of RP gradient. Non-parametric tests were employed as
the data could not be normally distributed. Note that an additional analysis of
the RP over a central region including electrodes surrounding Cz (FC1, FC2, C1,
C2, Cz) led to the same results - albeit less strong - as the analysis based only on Cz.

5. Results

Data from seven participants were excluded from the kinematic
analyses and from eleven from the EEG analyses. Four of the dis-
carded participants showed steadily increasing performance (i.e.,
strong learning effects as indicated by a systematic increase of
the amplitude of the wrist acceleration peak) and were removed
from both analyses. For EEG analyses, three participants were fur-
ther excluded as they did not show a RP, and four others because of
a too noisy signal. For analyses of movement kinematics, two par-
ticipants were excluded because of high percentage (>30%) of
movement anticipation (i.e., onset of the movement prior to the
S2). However, these participants were not excluded from EEG anal-
yses since anticipation may reflect efficient motor preparation.
Kinematic and EEG results are thus presented for 18 and 14 partic-
ipants, respectively. Seven out of these remaining participants re-
ported to have perceived letters during the preparation period,
but did not recognize the words.

5.1. Kinematic results

Average reaction time was very short (122 ms) and did not differ
between conditions (120 for verbs, 122 ms for nouns and 125 ms for
consonant strings). The short latency of reaction time is indicative
that participants effectively prepared to perform the movement.
Kinematic analyses revealed that individual wrist acceleration
peaks were smaller in amplitude in the action verb condition than
in the concrete noun condition (Table 2). Arepeated measures ANO-
VA confirmed that stimulus category significantly affected this var-
iable ([F (2,16)=4.214; p =.0232]). Post-hoc analysis showed that
the amplitude of the wrist acceleration peak was significantly re-
duced during subliminal presentation of action verbs (8059 mm/
s% + 4333) when compared to concrete nouns (8238 mm/s? + 4597,
p =.0360). This pattern was observed for 15 of the 18 participants.
A similar reduction of the amplitude of wrist acceleration was also
observed for the consonant string condition when compared to the
noun condition (8099 mm/s® + 4331, p =.0252; this pattern was ob-
served for 14 of the 18 participants), but no significant difference
was observed between action verb and consonant string conditions.

5.2. EEG results: signature of motor processes

ERP data revealed a strong RP over the central region (Fig. 2),
indicating preparation to perform the reaching movement.

Table 2

Mean latency (ms) and amplitude (mm/s?) of the wrist acceleration for each
participant while concrete nouns, action verbs and meaningless consonant strings
had been subliminally presented during the preparatory period of the reaching
movement

Wrist acceleration peak

Latency (ms) Amplitude (mm/s?)

Participants Concrete Action Consonant Concrete Action Consonant

nouns verbs strings nouns verbs strings
P1 228 228 220 4243 4215 4144
P2 266 269 275 2287 2211 2260
P3 231 213 221 5144 4882 4990
P4 170 179 167 899 8811 889
P5 166 171 168 57848 7732 67633
P6 240 242 236 5531 5489 5480
P7 192 193 202 6662 6339 6570
P8 181 182 181 11529 10981 10887
P9 110 119 107 10430 10135 10159
P10 173 183 181 6737 6888 7181
P11 238 225 224 6113 5868 5985
P12 222 242 240 6813 6782 6742
P13 170 158 152 8160 8048 8059
P14 238 235 226 4859 4795 4997
P15 116 108 117 22735 21234 21412
P16 182 183 179 11402 11202 11293
P17 172 162 165 5812 5879 5743
P18 93 85 102 13338 13564 13360
MEAN 188 188 187 8238 8059 8099
SD 49 50 48 4597 4333 4331
ANOVA ns [F(2,34)=4.2145 ; p=.0232]

Last three rows: mean overall participants; standard deviation (SD) and ANOVA
with repeated measures; ns, non significant.

Table 3 plots values for slope, intercept and R? of the RP gradi-
ent for individual participants. Wilcoxon signed-rank tests showed
a significant effect of stimulus category on the gradient of the RP
following stimulus presentation. The slope of the RP gradient for
the action verb condition (mean=—-0.0270+0.017) was signifi-
cantly smaller compared to the concrete noun condition
(mean = —0.0299 + 0.019; T =23, p <.05, one-tailed). This pattern
was observed in 11 out of the 14 participants. Note that over a
time-window of —300 to —350 ms, the difference in mean slope
represents approximately 1uV of amplitude. There was also a
trend-level decrease in the RP gradient for consonant strings
(mean = —0.0273 £ 0.015) compared to concrete nouns (mean =
—0.0299 £0.019; T=25.5, p=.09, two-tailed; .045, one-tailed),
but similar to the kinematic data, no significant difference was
found between action verbs and consonant strings (T=50.5,
p=.90).

6. General discussion

Assuming that processing of action verbs and motor planning
share common neural substrates, the present study aimed at
revealing patterns of interaction between language and motor pro-
cesses by analyzing the impact of subliminal action word displays
on the neurophysiological correlates of motor preparation and on
the kinematics of the subsequent movement. The results, summa-
rized in Fig. 3, revealed the following: First, consistent with our
previous findings (Boulenger et al., 2006; Nazir et al., in press),
analyses of kinematic parameters showed that subliminal displays
of action verbs during movement preparation affected the execu-
tion of a reaching movement more than subliminal displays of con-
crete nouns. Second, ERPs analyses revealed that the slope of the
movement-preceding RP (an indicator of movement preparation)
was less negative following a verb than following a noun.

Note that subliminal displays of random strings of consonants
during movement preparation had a similar impact on movement
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concrete nouns
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Fig. 2. Amplitude (nV) of the readiness potential as a function of time (ms) for the three experimental conditions (concrete nouns in blue, action verbs in red and consonant
strings in black). The time-window (black rectangle) in which significant differences were found between stimulus categories is from word onset (—250 ms) to movement
onset (~100 ms). Onset of the go-signal is indicated by the dashed vertical line (time 0).

Table 3
Values of the slope, intercept and R? of the RP gradient for each of the 14 participants of the EEG experiment (P1-P14) and for each stimulus category (concrete nouns, action
verbs and consonant strings)

Slope Intercept R?
Participants Concrete Action Consonant Concrete Action Consonant Concrete Action Consonant

nouns verbs strings nouns verbs strings nouns verbs strings
P1 —-0.0123 —-0.0072 —0.0063 0.4756 1.454 1.4599 0.6883 0.3268 0.2792
P2 —-0.0337 -0.0277 —-0.0291 3.5992 4.5381 3.2932 0.7136 0.7705 0.7406
P3 —0.0354 —-0.0246 —-0.0328 1.2445 0.9188 1.4492 0.9687 0.7358 0.9524
P4 —-0.0111 —0.0067 —0.0063 7.9763 9.2072 8.054 0.1423 0.056 0.0504
P5 —0.0143 —-0.0107 —-0.0119 2.364 2.3643 4.1086 0.2886 0.3317 0.2995
P6 —0.0748 —-0.0599 —0.0497 1.6827 3.3002 3.8341 0.9427 0.9092 0.914
P7 —0.0205 —-0.0157 —-0.0236 3.5982 3.9596 3.7951 0.7372 0.8411 0.9182
P8 —0.0163 —0.0209 —-0.0175 2.17 2.3387 2.3397 0.7004 0.7737 0.7968
P9 -0.0184 —-0.0181 -0.0162 4.1901 4.1584 4.6804 0.5092 0.4421 0.4421
P10 —0.0606 —-0.0577 —0.0583 3.4664 3.2974 3.5553 0.8834 0.9258 0.8475
P11 —0.0478 —0.0467 —-0.0392 1.4014 1.9028 1.6814 0.9322 0.8806 0.7099
P12 —0.0199 —-0.0279 —0.037 0.869 1.5249 1.4026 0.6676 0.7863 0.8047
P13 —0.0303 -0.0277 —-0.0293 0.3689 0.4168 0.779 0.8298 0.7799 0.8206
P14 —-0.0238 —-0.0262 —-0.0248 1.756 1.3763 1.65 0.6986 0.8532 0.7701
Mean —-0.0299 —0.027 -0.0273 2.5118 3.0079 3 0.693 0.6799 0.6676
SD 0.0192 0.017 0.0154 1.9927 2.2135 1.9206 0.2409 0.2636 0.2817

Means (in bold) and standard deviations (SD) are given in the last two rows of the table.
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Fig. 3. Left panel: mean gradient of the slope of the RP. Right panel: mean amplitude of the wrist acceleration peak. Data are plotted as a function of stimulus condition

(concrete nouns in black, and action verbs in grey). The “x” indicates a significant difference between the two conditions.
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kinematics and on the RP as subliminal displays of action verbs. No
clear explanation for this finding can be offered since strings of
consonants should not activate the cortical network for word rec-
ognition. One possible account for the present finding may be that
by matching the visual envelopes of consonant strings to words
(i.e., the outer shape of the overall letter chain), low spatial fre-
quency features of consonant strings have accidentally become
compatible with verb stimuli. Given that the main goal of this
study was to compare action verbs and concrete nouns, we will
discuss the results obtained for these two word categories without
further referring to the strings of consonants.

The analyses of kinematic parameters and RP both revealed that
subliminal displays of action verbs during movement preparation
had a stronger impact on ongoing motor processes than subliminal
displays of concrete nouns. These results support and extend our
previous findings (Boulenger et al., 2006; Nazir et al., in press) by
demonstrating that processing action words do not only interfere
with movement execution but also with movement preparation.
In line with our previous results (see also Pulvermiiller et al.,
2005a), the observed cross-talk between language and motor pro-
cesses further emerged early following verb onset. Since words
were displayed in the second half of the preparatory period, which
is known to engage both premotor and primary motor cortex (Ball
et al., 1999), our results are also consistent with neuroimaging
studies that show activity in motor and premotor cortex during
processing of action-related words or sentences (Aziz-Zadeh
et al., 2006; Hauk et al., 2004; Tettamanti et al., 2005).

The present study further established that mental motor imag-
ery that may occur after a word has been identified cannot account
for the observed language-induced motor perturbation, as words
were not perceived consciously. As mentioned in the introduction,
fMRI studies have previously shown that subliminal word displays
can automatically pre-activate essential parts of the cerebral net-
works for word processing (Dehaene et al., 2001). Selective activa-
tion of cortical and sub-cortical areas during subliminal perception
of words that belong to a particular semantic category has also
been reported previously. For instance, Naccache et al. (2005)
showed that activity in the amygdala, which is known to respond
to fearful or threatening stimuli, is modulated during subliminal
displays of fearful words. Similarly, Naccache and Dehaene
(2001) showed that intraparietal cortex, which plays a role in the
mental representation of numerical quantity (Dehaene and Cohen,
1995; Dehaene et al., 1998), is recruited during processing of
masked number words. Naccache et al. (2005) interpreted their
data as showing that an extended stream of word processing stages
can be activated despite the fact that words are not consciously
perceived. The present study adds to this picture by showing that
subliminal displays of action words modulate cortical motor pro-
cesses and affect overt motor behavior. But more importantly, to-
gether with the results reported for the PD patients (Boulenger
et al., 2008), the present findings clearly suggest that cortical struc-
tures that serve the preparation and execution of motor actions are
essential for the effective processing of action-related language.

Our estimation of the slope parameter for the RP suggested that,
within less than 400 ms following masked action word displays
(i.e., the time-window that served to determine the slope parame-
ter), the amplitude of the RP was reduced by approximately 1 pV
compared to conditions where non-action words were displayed.
The impact of action words on brain potentials that indicate motor
processes thus becomes evident shortly after word onset, despite
the fact that participants do not perceive the words consciously.
This interference between the two tasks is likely due to competi-
tion for common cortical resources (Boulenger et al., 2006) and
should, in principle, penalize motor processes as well as language
processes. In the present study, we did not measure performance
for language processing. However, the results of our PD patients

off treatment who showed masked priming effects for concrete
nouns but not for action verbs (Boulenger et al., 2008) clearly indi-
cated that a pathology that affects the normal functioning of pre-
motor and motor areas selectively wipes out the benefit of
subliminal displays of action words in a task that probes language
processing.

In conclusion, the present study, which for the first time com-
bined EEG and kinematic measures, reveals that subliminal percep-
tion of action verbs, relative to concrete nouns, can interfere with
the concurrent preparation and the subsequent execution of an
arm reaching movement. Overall, our results therefore confirm
previous findings and support the assumption that language-re-
lated activity in motor areas is indeed part of word processing
and that motor areas contribute to action word understanding.
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