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Language and action systems are functionally coupled in the brain as demonstrated by

converging evidence using Functional magnetic resonance imaging (fMRI), electroen-

cephalography (EEG), transcranial magnetic stimulation (TMS), and lesion studies. In

particular, this coupling has been demonstrated using the action-sentence compatibility

effect (ACE) in which motor activity and language interact. The ACE task requires partici-

pants to listen to sentences that described actions typically performed with an open hand

(e.g., clapping), a closed hand (e.g., hammering), or without any hand action (neutral); and

to press a large button with either an open hand position or closed hand position imme-

diately upon comprehending each sentence. The ACE is defined as a longer reaction time

(RT) in the action-sentence incompatible conditions than in the compatible conditions.

Here we investigated direct motor-language coupling in two novel and uniquely
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informative ways. First, we measured the behavioural ACE in patients with motor

impairment (early Parkinson’s disease e EPD), and second, in epileptic patients with direct

electrocorticography (ECoG) recordings. In experiment 1, EPD participants with preserved

general cognitive repertoire, showed a much diminished ACE relative to non-EPD volun-

teers. Moreover, a correlation between ACE performance and action-verb processing

(kissing and dancing test e KDT) was observed. Direct cortical recordings (ECoG) in motor

and language areas (experiment 2) demonstrated simultaneous bidirectional effects: motor

preparation affected language processing (N400 at left inferior frontal gyrus and middle/

superior temporal gyrus), and language processing affected activity in movement-related

areas (motor potential at premotor and M1). Our findings show that the ACE paradigm

requires ongoing integration of preserved motor and language coupling (abolished in EPD)

and engages motor-temporal cortices in a bidirectional way. In addition, both experiments

suggest the presence of a motor-language network which is not restricted to somatotopi-

cally defined brain areas. These results open new pathways in the fields of motor diseases,

theoretical approaches to language understanding, andmodels of action-perception coupling.

ª 2012 Elsevier Srl. All rights reserved.
1. Introduction Jeannerod, 2001; Richardson et al., 2003; Zwaan et al., 2002)
Understanding the mutual coordination of motor and

language systems is critical for different research programs.

These systems are functionally coupled in the brain as

demonstrated by converging evidence using Functional

magnetic resonance imaging (fMRI), electroencephalography

(EEG), transcranial magnetic stimulation (TMS), and lesion

studies (Pulvermüller 2001; 2005; Pulvermüller and Fadiga,

2010). In addition, this coupling has been demonstrated

behaviourally using the action-sentence compatibility effect

(ACE) in which motor activity and language interact

(Aravena et al., 2010; Glenberg, 2006; Glenberg et al., 2008a;

Glenberg et al., 2008b; Glenberg and Kaschak, 2002;

Kaschak and Borreggine, 2008; Masumoto et al., 2004). The

ACE task required participants to listen to sentences and

press a large button immediately upon comprehending each

sentence. In one block, the button is pressed using an open

hand (OH) response, and in one block, the button is pressed

using a closed hand (CH) response. Importantly, participants

keep their hands in the required pre-assigned shape

throughout the block of trials. The OH sentences describe

actions typically performed with an open hand (e.g., clap-

ping), the CH sentences describe actions performed with

a closed hand (e.g., hammering), and the neutral sentences

(N) did not describe hand actions. The combination of

response type and sentence type generates compatible (OH

sentence and OH response or CH sentence and CH response),

incompatible (OH sentence and CH response or vice versa),

and neutral (N sentence with either response) trials. The

ACE is defined as a longer reaction time (RT) in the incom-

patible conditions than in the compatible conditions. First,

we measured the ACE in patients with motor impairment

(early Parkinson’s disease e EPD), and second in epileptic

patients with direct electrocorticography (ECoG) recordings.

According to theories of a simultaneous action-perception

cycle (Pulvermüller, 2001; 2005; Pulvermüller and Fadiga,

2010) and theories of language comprehension as simula-

tion (Barsalou, 1999; Bergen et al., 2007; Gallese and Lakoff,

2005; Glenberg and Kaschak, 2002; Hesslow, 2002;
A, et al., Motor-language
012), doi:10.1016/j.corte
cortical motor lesions or impairments should affect language

comprehension. In support of this prediction, neuroimaging

findings (e.g., Aziz-Zadeh et al., 2006; Hauk et al., 2004;

Tettamanti et al., 2005) have suggested that lexical stimuli

(either single words or sentences) referring to different body

parts (e.g., hand and mouth) somatotopically activate cortical

regions. However, other studies have failed to find a strict

somatotopic organization of action words. For instance,

Postle et al. (2008) found no evidence of somatotopic orga-

nization for effector-related words using cytoarchitecturally

and functionally defined maps of the primary and premotor

cortex. Using Voxel-based Lesion-Symptom Mapping anal-

yses in stroke patients, Arévalo et al. (2012) also found no

evidence of a somatotopically-organized distribution of

effector specific regions. These results put forward a partial

overlap of actions and processing of action-related sentences.

Arévalo et al. (2011) suggested that interaction between

motor networks and the language network in humans may

not be confined to a particular region in the premotor/motor

cortex. Motor and language process would not be completely

dependent of a cortical somatotopic organization. In experi-

ment 1, we tested the relationship between action language

and current motor activity in individuals with a subcortical

motor impairment (EPD) and normal volunteers. In the EPD,

only subcortical (non-somatotopic) motor regions are affected

(early stages of the disease). Therefore, EPD, due to its non-

specific non-somatotopic motor impairment, is ideal for

testing the coupling between motor and language systems.

A growing body of research indicates that specific verb

processing is impaired in Parkinson’s disease, including verb

production (Bertella et al., 2002; Boulenger et al., 2008;

Crescentini et al., 2008; Peran et al., 2003); action-verb genera-

tion and conjugation (Longworth et al., 2005; Peran et al., 2009);

sentence comprehension (Grossman et al., 1992; Grossman

1999; Lieberman et al., 1992; Ullman et al., 1997); action-verb

identification (Boulenger et al., 2008); and specific verb pro-

cessing during sentence comprehension (Whiting et al., 2005).

According to these findings, it has been suggested that the

nigrostriatal circuit affected in Parkinson’s disease (PD) is
coupling: Direct evidence from early Parkinson’s disease and
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involved in the modulation of action-verb processing in

motor cortical areas. However, these studies have used

experimental paradigms which do not relate motor perfor-

mance to the meaning of the linguistic stimuli. To our

knowledge, the current research is the first to study a motor-

language integration paradigm to explore the ACE in

a movement disorder such as EPD.

Based on previous evidence, we propose that processing of

the ACE task should be affected by the non-specific (non-

somatotopic) and subcortical motor system in EPD. Therefore,

basal ganglia impairments as those seen in EPD group should

affect the ACE, and patients with such impairments should

not show compatibility effects. If instead, EPD patients display

an ACE, this would suggest the ACE task is not dependent on

motor system integrity.

Another complementary way to test the motor and

semantic coupling consists of directly measuring the

semantic and motor areas in the brain during ACE. The

bidirectionality hypothesis in motor-language interaction

claims that action-language comprehension and motor

processes share neural resources that co-operate mutually;

that is to say that motor processes influence the compre-

hension of the action sentence, and action-sentence

comprehension influences the motor process (Aravena et al.,

2010). The ECoG (Jerbi et al., 2009) provides fine-grained

spatial and temporal brain information even with single

case studies (Jacobs and Kahana, 2010), which allows the

direct assessment of the motor-language bidirectional brain

signatures. By recording ECoG we evaluated compatibility

effects in brain areas related to motor (premotor and M1)

processing as well as language (inferior frontal gyrus e IFG

and left anterior temporal areas) processing. In a previous

report with normal volunteers, ACE was recorded with scalp

ERPs. Both the final verb onset and the motor response were

used as temporal triggers for ERPs. An N400 was enhanced in

the incompatible condition and the amplitude of motor

potential (MP) showed a slight increase in compatible

conditions (Aravena et al., 2010). The N400 component has

shown larger amplitudes when the meaning of a stimulus is

incongruent with its previous context (Kutas and Federmeier,

2011). Recent N400 studies have shown modulation of

incongruent action sequences (e.g., Aravena et al., 2010;

Ibáñez et al., 2010; 2011d; Kelly et al., 2010b; Kiefer et al.,

2011; Proverbio et al., 2010; Sitnikova et al., 2003; van Elk

et al., 2010). The MP (Deecke, 1987; Hatta et al., 2009; Smith

and Staines, 2006) is negative around the response onset

(�90 msec), indexing cortical activity at motor execution.

Thus, this study (Aravena et al., 2010) suggests that semantic

and motor areas are simultaneously coupled during ACE, but

the poor spatial resolution of scalp ERPs limits the specula-

tion about the brain regions engaged in ACE. By using ECoG,

we directly investigated the brain areas involved in ACE. The

bidirectionality hypothesis predicted that both N400 and MP

compatibility modulation should be directly observed at

semantic and motor areas, evidencing mutual influence of

action and language processes.

In brief, we tested causal evidence of a bidirectional

coupling in the motor-to-language and language-to-motor

directions. In experiment 1, we hypothesized that EPD will

have reduced ACE as compared to a control group (CG) of
Please cite this article in press as: Ibáñez A, et al., Motor-language
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normal volunteers matched by age, gender, handedness and

educational level. ACE deficits in EPD should be observed

with a relative preservation of other motor and cognitive

domains (e.g., preserved motor response ability, basic exec-

utive functions preservation, and no cognitive deterioration).

Moreover, possible reduced ACE in EPD participants should

correlate with deficits in verbal processing. In experiment 2,

the ECoG intracranial recordings should provide the intra-

cranial sources of ACE. For instance, a fronto-temporal

(motor and language) contribution to the ACE as showed by

the spatiotemporal dynamics of semantic and motor brain

signatures should be identified. Thus, we evaluated the direct

interaction of motor-language coupling by showing ACE in

motor diseases and bidirectional cortical motor-language

interactions assessed with ECoG.
2. Materials and methods

2.1. Experiment 1: ACE in EPD and matched normal
volunteers

2.1.1. Participants
In total, 17 early Parkinson’s disease patients and 15 normal

volunteers took part in this study. The two groups were

matched for age, level of education, and proportion ofmales to

females (a summary of sample characteristics is presented in

Table 1). Normal volunteers were recruited using a database of

healthy volunteers from the Institute of Cognitive Neurology.

EPD participants who met UK Parkinson’s Disease Society

Brain Bank criteria (Hughes et al., 1992) were evaluated using

the Unified Parkinson’s Disease Rating Scale (UPDRS) part III;

and stages I and II of the Hoehn and Yahr scale (1967). Mean

age for the patient population was 62.71 (�7.34) years. Infor-

mation on disease history and drug therapy was obtained by

three neurologists (AC, GGA, OG) who specialize in PD. All

selected patients had bilateral or unilateral disease onset in

their dominant hand. Patients with different neurological

signs or symptoms or radiological structural brain abnor-

malities compatible with diagnoses other than Parkinson’s

disease were excluded from this study. Patients and normal

volunteers that scored under 24 on the Mini-Mental State

Examination were also excluded from the study to ensure

a relatively preserved cognitive profile. All patients were

under pharmacological treatment either with levodopa or

a dopamine agonist. Assessment was conducted during the

“on” state of themedication. Since levodopa seems to improve

verbal processing in a percentage of PD subjects (Mattis et al.,

2011), any observed impairment of ACE or verbal processing

cannot be explained by medication. Clinical and demographic

data are included in Table 1. EPD is defined as disease duration

of fewer than 5 years and a patient with Parkinson’s disease

who has not developed motor complications from levodopa

(Lewis et al., 2005; Williams-Gray et al., 2008).

All participants read and signed a consent form in agree-

ment with the Declaration of Helsinki before beginning the

study, and the ethical committee of the Institution approved

the research. Patients and normal volunteers received an

extended evaluation including dementia measures, neuro-

psychological assessment of executive functions, and a verbal
coupling: Direct evidence from early Parkinson’s disease and
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Table 1 e Demographic and clinical data (EPD and CG).

EPD CG F ANOVA value or
Chi-square value (d.f.)

P value

n (male/female) 17(11/6) 15(10/5) .69

Handedness (right/left) (17/0) (15/0)

Age (Mean � SD) 62.71 � 7.34 61.33 � 8.96 F(1,30) ¼ 1.37 .25

Level of education c2
ð3Þ ¼ 1.09 .78

Primary education: 4 5

Secondary education: 6 4

Tertiary education completed: 2 3

University education completed: 5 3

Hoehn & Yahr 1.24 � .44 e

Disease duration (years) 3.18 � 2.05 e

UPDRS motor score 15.53 � 6.73 e

Onset Disease (right/left) (14/3) e

Levodopa Mg/day (range) 260 � 56.76 (n ¼ 10; 150e350) e

Dopamine agonist Mg/day (range)

Pramipexole .63 � .53 (n ¼ 2; .25e1.0) e

Piribedil 175 � 35.36 (n ¼ 2; 150e200)

Other antiparkinsonian drugs, Mg/day (range) e

Rasagiline .88 � .25 (n ¼ 4; .25e1.0)

c o r t e x x x x ( 2 0 1 2 ) 1e1 74
processing task (see “Neuropsychological assessment of EPD

and normal volunteers” in Supplemental data available online).

2.2. ACE paradigm

We evaluated the interaction between language and motor

processes using an ACE paradigm. Participants listened to

sentences that implied an action with the hand in a particular

shape (open, n ¼ 52, or closed, n ¼ 52) as well as neutral sen-

tences that did not imply an action with the hand (n ¼ 52).

Participants indicated as quickly as possible when they

understood each sentence by pressing a button using a pre-

assigned hand-shape (open or closed, see Fig. S1 in Supple-

mental data available online). All responses were performed

with the dominant hand although both handswere positioned

in the required shape (see Fig. S1 and “ACE paradigm

description” in Supplemental data available online for more

details on this paradigm). By controlling the posture of both

hands at the required shape, we controlled possible bilateral

hand interference, since posture modulates semantic pro-

cessing (Badets and Pesenti 2010; Glenberg et al., 2008a;

Lindeman et al., 2006; van Elk et al., 2008). To ensure that all

participants understood the meaning of the sentences, they

were asked to complete an offline questionnaire after finish-

ing the ACE paradigm.

2.3. Data analysis

We used Repeated measures of Analysis of Variance (ANOVA)

or c2 for neuropsychological assessment and for the ACE

paradigm. In the ACE paradigm, mean RTs were calculated

for each subject for each type of trial (compatible, incom-

patible and neutral) and each type of sentence (OH, CH and

N). Single trials eliciting outlier’s values with RTs outside �3.5

SD were excluded from the analyses (11% in EPD and 9% in

CG). The repeated measures ANOVAs categorized Group as

a between-subject factor [Parkinson Group (EPD) and Control

Group (CG)] and Compatibility (compatible, incompatible, and
Please cite this article in press as: Ibáñez A, et al., Motor-language
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neutral) as a within-subject factor. In order to test if EPD

participants have preserved behavioural motor responses, we

compared the RTs of stimulus content without any compat-

ibility effect of hand positions. For instance, we compared the

sentence content (open, closed and neutral) irrespective of

the hand response position (i.e., by averaging the OH and CH

responses for each of the three sentence content stimuli).

Consequently, an additional factor, namely Sentence Type

(N, OH and CH), was introduced. The N sentences are more

predictable and frequently used in the language than OH and

CH sentences, eliciting shorter RTs (Aravena et al., 2010). If

the EPD evidence preserved sentence type modulation

(N sentences being shorter than OH and CH sentences) as

normal volunteer participants do, the ACE result in EPD

cannot be explained as a general motor impairment or as

a variable response. Tukey’s Honestly Significant Difference

(HSD) method was used in the calculation of post-hoc

contrasts. We further explored the individual differences in

ACE. A global score of the ACE was defined by the difference

in mean RT for the incompatible and compatible conditions.

Those global scores were correlated with neuropsychological

assessments and with tests of dementia in both groups using

Spearman’s rank correlations, corrected for multiple

comparisons with Tukey’s HSD test.
2.4. Experiment 2: ACE in ECoG

2.4.1. Participants
Participants were two right-handed males (patient 1: 31 years

old, patient 2: 24 years old) suffering from drug resistant

epilepsy, with no observed structural abnormality. They were

both potential candidates for seizure surgery. The experi-

mental protocol was reviewed and approved by the Institu-

tional Ethics Committee of the Institute of Cognitive

Neurology, which follows the guidelines of the Declaration of

Helsinki. Written informed consent was obtained for both

study participants. Intracranial recordings were performed
coupling: Direct evidence from early Parkinson’s disease and
x.2012.02.014
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through subdural grid electrodes (with 10 mm inter-electrode

distance). Patient 1 had a 64-electrode grid (eight rows and

eight columns) covering all the left central and pericentral

cortices (inferior frontal, temporal and parietal areas). The

inferior limits were at the level of the inferior and middle

temporal gyrus (MTG) from the temporal pole extending

backwards to the posterior part of the inferior temporal sulcus

close to the anterior occipital sulcus. Patient 2 had a 32-

electrode grid (four rows and eight columns) covering the

lateral surface including the anterior part of superior, medial

and inferior frontal gyrus extending to the precentral sulcus.

Both grids were situated over the left hemisphere. The selec-

tion of recording sites was made according to clinical criteria

with no reference to the present study; nevertheless, recruited

patients were selected for this study given the possibility of

directly measuring motor and language areas using ECoG.

Both patients scored over 26 on the Mini-Mental State Exam-

ination ensuring a relatively preserved cognitive profile. Both

patients performed the ACE task 4 days after the implantation

of the electrodes.

2.5. ACE paradigm

The ongoing intracranial signals were recorded while partic-

ipants performed the ACE paradigmas reported in experiment

1.

2.6. ECoG recordings

A multi-channel EEG acquisition and monitoring system

(Bioscience) was used to simultaneously record the intrace-

rebral activity. Electrodes for ECoG were placed using rect-

angular grids, in left frontal and temporal areas. Following

a previous report of this paradigm (Aravena et al., 2010),

motor responses (eliciting a MP) and final verbs (eliciting

a N400 component) were selected for further analysis. EEG

data were segmented offline into 1 sec epochs spanning from

200 msec pre-stimulus to 800 msec post-stimulus for

stimulus-locked segments (N400) and 1500 msec epochs from

�500 msec to 800 msec for hand response-locked segments

(MP). Non-biological artefacts were rejected by visual

inspection as reported elsewhere (Hurtado et al., 2009; Ibáñez

et al., 2010b, 2011a, 2011b, 2011c, 2011d, 2012; Petroni et al.,

2011). For more details see “Epochs pre-processing” in

Supplemental data available online. Following previous

reports (Ossandón et al., 2011, 2012) a matching between

a post-implantation computed tomography (CT) scan and

a preimplantation 3-D magnetic resonance imaging (MRI)

dataset allowed for direct visualization of the electrode

contacts. We used a co-recording method of CT and MRI to

obtain the spatial coordinates of each electrode (see “Channel

localization using CT and MRI” in Supplementary data

available online).

2.7. Data analysis

Intracranial ERP were analyzed during ACE in two steps.

First, to select the electrode sites modulated by the ACE

(compatible vs incompatible trials) at N400 and MP

windows, we performed Monte Carlo permutation tests
Please cite this article in press as: Ibáñez A, et al., Motor-language
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(Manly, 1997), which have been used in other intracranial

studies (Gaillard et al., 2006; Naccache et al., 2005),

combined with bootstrapping. This simple method gives

a straightforward solution for the multiple comparison

problems and does not depend on multiple comparisons

corrections or Gaussian distribution assumptions about the

probability distribution of the data. The combined data from

the compatible and incompatible trials underwent a random

partition, and a t-test was calculated. This process was

repeated 5000 times to construct the t-value distribution

under the null hypothesis. The null hypothesis is rejected if

an obtained t-value is greater than the most extreme 1% of

the distribution (e.g., p < .01). Selected electrodes were

grouped into regions of interest (ROIs) for further analysis

using the Friedman Test. This test (non-parametric repeated

measures comparison) was used for single-trial analysis

(compatible, incompatible and neutral) of selected elec-

trodes’ ROIs. Unlike the parametric repeated measures

ANOVA or paired t-test, this test makes no assumptions

about the distribution of the data and has been used

recently with intracranial ERPs (e.g., Vidal et al., 2010). The

significant window obtained in the permutation analysis

was selected for mean amplitude analysis (Friedman test):

�75 to 35 msec for MP; 390e500 msec for motor N400 and

250e700 msec for temporal N400. Post hoc comparisons

were performed with the HSD Tukey test.
3. Results

3.1. Experiment 1

3.1.1. ACE is impaired in neurodegenerative motor disease
We observed (Fig. 1A) a strong relationship between Group

and Compatibility [F(2,60) ¼ 22.47, p < .0001; See “ACE effects

in EPD and CG” in Supplemental data available online]. Post

hoc comparisons (MS ¼ 27,853, df ¼ 37.34) showed that in the

CG, incompatible trials elicited longer RTs compared to

compatible ( p < .001) and neutral trials ( p < .001); that is,

there is an ACE. No differences between responses to

compatible and neutral trials were observed in the CG

( p ¼ .90). Conversely, participants with EPD presented only

differences in RTs in the neutral trials compared with

compatible ( p < .005) and incompatible trials ( p < .001). No

differences between compatible and incompatible trials were

observed ( p ¼ .99); that is, there was no ACE. To confirm these

effects, a separate ANOVA for each group was performed,

confirming those results (see “EPD and CGANOVAs for ACE” in

Supplemental data available online).

To compare the performance from both groups while

controlling for overall group differences in level of RT, we

subtracted the mean RT in the neutral trials from both

compatible and incompatible trials. After subtraction (Fig. 1B),

group differences became larger [Group � Compatibility Inter-

action, F(1,30) ¼ 89.14, p < .0001]. In particular, in the CG, there

was a large difference between compatible (M ¼ �24msec,

SD ¼ 25.98) and incompatible trials (M ¼ 209 msec, SD ¼ 22.47,

p < .001), whereas in EPD participants, the means for compat-

ible (M ¼ 94.69 msec, SD ¼ 24.41) and incompatible trials

(M ¼ 104 msec, SD ¼ 26.75, n.s.) were quite similar.
coupling: Direct evidence from early Parkinson’s disease and
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Fig. 1 e ACE in EPD. (A). Mean RTs from compatible, incompatible and neutral trials for EPD and CG participants. CG

participants show a classic ACE (compatible facilitation and incompatible delay of RTs), whereas the ACE was absent for EPD

participants. (B). ACE subtraction. Group comparison of ACE normalized by subtracting mean RT from the neutral trials from

the mean RTs from the compatible and incompatible trials. (C) Preserved motor response discrimination for EPD

participants. In both groups, OH and CH sentences produce longer RTs than neutral sentences due to a higher frequency and

higher cloze probability of neutral sentences (Aravena et al., 2010). In panels A, B, and C, the bars depict the SD. (D). Verbal

processing (KDT) is associated with the ACE. The ACE is computed as the subtraction between incompatible and compatible

trials (the higher the time interval, the stronger the ACE). KDT scale denotes percentage of correct responses.
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3.1.1.1. PRESERVED MOTOR RESPONSES TO LINGUISTIC VARIABLES IN EPD.
Might the absence of an ACE in EPD participants be due to

general motor impairment?

A comparison of N sentences to OH and CH sentences

provides a test of this hypothesis. Because N sentences are

composed of words having a higher frequency of occurrence

in the language and a higher close probability than OH and CH

sentences (Aravena et al., 2010), we expect N sentences to

elicit faster responses (Dambacher et al., 2006; Fischler and

Bloom, 1979; Kleiman, 1980; Kliegl et al., 2004; Kliegl et al.,

2006). Indeed, both EPD and CG participants responded

faster to N sentences than toOH and CH sentences (Fig. 1C; see

“Stimulus content analysis” and Table S2, in Supplemental

data available online). This result confirms that motor

impairment in EPD participants was not so severe as to

preclude effects of linguistic variables. Consequently, the ACE

deficits in EPD cannot be explained by a general motor or

language impairment.

3.1.1.2. ACE IS ASSOCIATED WITH PROCESSING OF VERBS, IMPLYING HAND

ACTIONS IN THE ABSENCE OF OTHER COGNITIVE DEFICITS IN EPD. No

differences were observed between the groups regarding

cognitive impairments or dementia (see Table S1 in Supple-

mentary data). In addition, most of the neuropsychological

assessments evaluating executive functions, memory, and
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workingmemory yielded no differences between groups. Only

in one of three measures of working memory were the EPD

participants impaired compared to CG participants (see Table

S1, and “Clinical and Neuropsychological assessment” in

Supplemental data online).

In addition, we examined performance in verbal process-

ing. The kissing and dancing test (KDT; Bak and Hodges 2003)

is designed to detect verb-processing impairments (see

“Neuropsychological assessment of EPD and normal

volunteers” in Supplemental data online). The KDT deficits

have already been reported in othermovement disorders such

as progressive supranuclear palsy (Bak et al., 2006) (see “EPD

deficits of KDT” in Supplemental data online). To explore the

relationship between the specific cognitive profile and the

ACE, we performed a multivariate analysis between those

measures. No significant correlations between scores of

dementia and ACE were observed. In contrast, the KDT accu-

racy was highly associated with the ACE (more KDT accuracy,

more ACE: r ¼ .7; p < .001; Fig. 1D). In addition, we reanalyzed

the KDT error trials and ACE association by dividing the KDT

into scenarios that included hand actions and those that did

not (see “Neuropsychological assessment of EPD and normal

volunteers” in Supplemental data online). We found, only in

EPD participants, a negative correlation between hand-KDT

error trials and the ACE (more KDT errors, less ACE: �.5,
coupling: Direct evidence from early Parkinson’s disease and
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p ¼ .02); but the correlation with ACE was not significant for

the KDT error trials that did not include hand trials (for all

reported correlations, see “ACE correlations” in Supplemental

data available online).

In brief, we found that EPD participants show specific

deficits on ACE and verbal processing with a well-preserved

cognitive profile.
3.2. Experiment 2

3.2.1. Direct ECoG recordings of ACE
We tested the motor-language coupling by measuring the

direct cortical activity (ECoG) in both movement-related and

language-related areas. This approach allows us to describe

the brain dynamics of motor and language interactions. We

aligned EEG traces both with the onset of the final verb (to

measure the N400) and with the motor response onset (to

measure the MP) for left fronto-temporal (language) as well

as left frontal (premotor/motor) areas (see Table 2 for

spatial coordinates of selected electrodes, and “Electrode

selection for ACE-ECoG” in Supplemental data available

online). To identify the spatial coordinates of grid electrodes,

we combined CT and MRI using a semi-automatic method

(see Fig. 2AeE, and “Channel localization using CT and MRI”

in Supplemental data available online). To select the elec-

trode sites modulated by the ACE (compatible vs incompatible

trials) at the N400 and MP windows, we performed a permu-

tation and bootstrapping test on all electrodes sites to find

those that showed a significant difference between compat-

ible and incompatible trials. The selected electrodes were

grouped in ROIs for further analysis using a Friedman’s

Test.

3.2.1.1. ACE AT THE VERB (N400).
3.2.1.1.1. MOTOR AREAS (M-N400). The permutation test of

the ECoG ERPs at the frontal grid in patient 2 showed signifi-

cant effects of compatible versus incompatible trials in the
Table 2 e Localization of selected electrodes using MRI/
CT co-recordings.

Electrode Cortical area Brodmann areas

Frontal grid (patient 2)

7 Inferior motor cortex 4

8 Inferior motor cortex 4

14 Ventral premotor cortex 6

15 Ventral premotor cortex 6

16 Ventral premotor cortex 6

22 Ventral premotor cortex 9

23 Ventral premotor cortex 6

24 Dorsal premotor cortex 6

30 MFG 9

31 MFG 9

Fronto-temporal grid (patient 1)

13 MTG 21

21 STG 22

22 STG 21

23 STG 38

30 IFG opercularis 6

31 IFG triangularis 45
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M-N400 window (390e500 msec) in a cluster of neighbouring

electrodes (8, 15, 16 and 24, see Table 2). Those electrodeswere

placed inmotor and premotor areas, contralateral to the hand

used for responding. Electrode 8 was situated in M1 (pre-

central gyrus), electrodes 16 and 15 were in the premotor

cortex (PM ventral), and electrode 24 was localized in the

dorsal section of the PM area (Picard and Strick, 2001). For all of

them, the incongruent trials elicited more negative amplitude

in the signal than in the congruent trials (See Fig. 3B and C,

second column, Fig. S2 for all electrodes comparisons). The

selected ROIs at motor areas in frontal sites (Fig. 3A, second

column,) yielded an effect of compatibility [Friedman-ANOVA,

c2(2,46) ¼ 14.39 p < .001]. The incompatible trials

(M ¼ �81.02 mV, SD ¼ 117.25) presented more negative values

compared with the compatible (M¼ 29.23 mV, SD¼ 124.59) and

neutral (M ¼ 9.09 mV, SD ¼ 64.84) trials. Post hoc comparisons

(HSD test, MS ¼ 12,264, df ¼ 90) showed statistical differences

between compatible and incompatible categories ( p< .001), as

well as between neutral and incompatible categories

( p < .001). No differences between neutral and compatible

categories were observed ( p ¼ .65). The second column in

Fig. 4B shows the intracerebral event-related potentials

(iERPs), and Fig. 4C shows themean amplitude for each type of

trial.

3.2.1.1.2. LANGUAGE AREAS (L-N400). In language-related

areas, several electrodes showed a significant ACE effect in

the 250e700 msec time window (patient 1). Six neighbouring

electrodes (13, 21, 22, 23, 30 and 31; see Table 2) showed anACE

(see Fig. 3B and C, third column, Fig. S2 and “Electrode

selection for ACE-ECoG” in Supplementary data available

online). Electrodes were localized in temporal sites (electrodes

21, 22 and 23 in superior temporal gyrus e STG; and electrode

13 in MTG) as well as Broca’s area (IFG, electrode 31 in pars

opercularis and electrode 30 in pars triangularis). For all of

them, the incongruent condition elicited a more negative

response than the congruent one. The L-N400 ROI yielded

a compatibility effect [c2(2,47) ¼ 20.47 p < .001] evidencing

an enhanced N400 amplitude in the incompatible

(M¼�102.96 mV, SD¼ 85.34) compared to the compatible trials

(M ¼ �9.32 mV, SD ¼ 51.28) and the neutral (M ¼ �4.14 mV,

SD ¼ 76.70) trials. Post hoc comparisons (HSD test, MS ¼ 1422,

df ¼ 92) showed statistical differences between compatible

and incompatible trials ( p < .001), as well as between neutral

and incompatible trials ( p < .001), but no differences between

neutral and compatible trials ( p ¼ .97).

The overall results of N400-like amplitude suggest that the

ACE is modulated by incompatible stimuli compared to

compatible and neutral stimuli at motor and language-related

sites (see Fig. 4AeC, third column). The L-N400 effect

was observed earlier and in a more extended window

(250e700 msec) than the M-N400 at motor sites

(390e500 msec).
3.2.1.2. ACE AT THE MOTOR RESPONSE (MP).
3.2.1.2.1. MOTOR AREAS. In the motor response window

(from �75 to 35 msec) several electrodes showed a significant

ACE (patient 2, see Fig. S2). As in the case of M-N400

(see “Electrode selection for ACE-ECoG” in Supplementary
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Fig. 2 e Measuring the spatial coordinates of grids using CT and MRI. First, CT and MRI volumetric images were affine

registered in SMP8 toolbox. After that, CT was masked with an in-skull mask (obtained from MRI segmentation) and then

thresholded to conserve relevant voxels of metallic elements. Voxels corresponding to wires weremanually excluded. Next,

each electrode in the CT included several voxel coordinates (VC) that were grouped using the k clustering technique. Finally,

mean location of each cluster was assigned to the corresponding channel. (A). Volumetric X-ray CT showing the subdural

implanted grid. The voxels size is .363 .53 .36 mm. (B) 3D reconstruction of CT. Note the skull incision where the grid

electrode was implanted. (C) MRI of the patient showing the grid. The voxels size is .933 .933 .5 mm. (D) VC exceeding

a signal threshold. (E) Coordinates where the electrodes were situated over a brain surface reconstruction. These figures

show images of patient 1. For more details see “Channel localization using CT and MRI” in Supplemental data available

online.
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data available online), we obtained the electrodes with the

most significant permutation effects (See Fig. 3AeC) resulting

in a cluster containing electrodes 7, 14, 15, 16, 22, 23, 24, 30 and

31 (see Table 2 for spatial coordinates). Electrode 7 was situ-

ated in M1 (precentral gyrus), electrodes 14, 15, 16, 22, and 23,

were in the premotor cortex (ventral PM), and electrode 24

sat in the dorsal section of the PM area. Electrodes 30 and

31 were also localized in PM (prefrontal cortex, middle

frontal gyrus e MFG). Using a Friedman-ANOVA, the MP ROI

yielded an effect of compatibility [F(2,41) ¼ 48.43; p < .001]. In

contrast to the N400-like components, post hoc effects (HSD

test, MS ¼ 1582, df ¼ 80) indicated a greater negative ampli-

tude for the compatible trials (M ¼ �167.21 mV, SD ¼ 100.48)

compared to the incompatible trials (M ¼ �27.18 mV,

SD ¼ 143.61; p < .001) and neutral trials (M ¼ 114.51 mV,

SD ¼ 139.53; p < .001). Finally, a comparison of neutral and

incompatible trials also yielded a significant difference

( p < .001; see Fig. 4AeC, first column).

3.2.1.2.2. LANGUAGE AREAS (PATIENT 1). No significant effects

were observed.
4. Discussion

This report provides direct evidence for simultaneous influ-

ence of motor activity in language processing and language

modulation in motor processing. Motor impairment in EPD

participants abolished the ACE, thereby suggesting that the
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ACE reveals the ongoing integration of preserved motor and

language coupling (experiment 1). In experiment 2, direct

cortical recordings of the ACE showed that current action

affects sentence processing in temporal and motor areas

(L-N400 and M-N400, respectively), and simultaneously, sen-

tences affect motor cortical processing (MP). Thus, we have

demonstrated a bidirectional influence of motor and language

networks.

This study provides support for theories of a simultaneous

action-perception cycle (Pulvermüller, 2001, 2005;

Pulvermüller and Fadiga, 2010) and theories of language

comprehension as simulation (Barsalou 1999; Bergen et al.,

2007; Gallese and Lakoff, 2005; Glenberg and Kaschak, 2002;

Hesslow, 2002; Jeannerod, 2001; Richardson et al., 2003;

Zwaan et al., 2002). These theories propose that during

action (or language) perception, the brain activates the same

sensory-motor systems that are engaged during movement,

providing a continuous loop between perception and action.

Simulation theory claims that the internal enactment of

language engages specific areas of the motor cortex that

control the simulated effectors of the action (Boulenger et al.,

2006; Buccino et al., 2005; Ehrsson et al., 2003; Goldberg et al.,

2006; Hauk et al., 2004; Lotze et al., 1999; Richardson et al.,

2003; Tettamanti et al., 2005). Studies on action words have

shown activation of brain areas related tomotor planning and

execution (Aziz-Zadeh et al., 2006; Boulenger et al., 2006;

Buccino et al., 2004; Pulvermüller et al., 2005; Tettamanti

et al., 2005). In a similar vein, research on gestures has evi-

denced a direct link between language processing and body
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x.2012.02.014

http://dx.doi.org/10.1016/j.cortex.2012.02.014
http://dx.doi.org/10.1016/j.cortex.2012.02.014


Fig. 3 e ECoG of ACE. (A). Motor and language areas producing an ACE. Normalized position of the electrodes showing

a significant ACE (compatibility effect) superimposed in a render 3D map of the canonical CH2bet from MRIcron software.

The figure depicts the position of electrodes evincing an ACE from both patients’ grids in a common space showing the

activation of IFG, STG and MTG (language-related areas) and the MFG, PM and M1 (motor-related areas). Electrode colour is

indicative of iERP modulation: MP (Blue); M-N400 (Red); L-N400 (Green). (B) Pictures of subdural grids and electrode arrays.

Codes (number) of electrodes in left picture are not the same as the grid codes (D1) since it includes the electrode for triggers

(number 5 in the picture). In the three schematic grids, numbers in red are indicative of significant compatibility effects

observed at those sites for MP, M-N400 and L-N400 (from left to right). (C) Time-probability charts showing the significant

effects at MP in premotor/motor (M1, ventral and dorsal PM) areas and N400 windows (M-N400 localized in premotor/motor

areas including M1 and ventral-dorsal PM area; and a L-N400 localized in STG, MTG and IFG). (D) Point-by-point p-value

waveform of the compatibility effect for MP, M-N400, and L-N400. The blue lines highlight the p < .01 threshold. Note that

in panels C and D, a value of zero on the abscissa indicates the time of the response for MP, whereas a value of zero indicates

the time at which the verb was presented for M-N400 and L-N400. Note that motor areas (first and second columns)

correspond to Patient 2; and language areas (third column) are from the electrodes on Patient 1.
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actions (Beilock and Goldin-Meadow, 2010; Broaders and

Goldin-Meadow, 2010; Corballis, 2003; Frey, 2008; Goldin-

Meadow 1999; Habets et al., 2011; Hubbard et al., 2009; Ibá-

ñez et al., 2010; 2011d; Iverson and Goldin-Meadow 1998; Kelly

et al., 2010b; Obermeier et al., 2011; Ozyurek et al., 2007; Paz-

zaglia et al., 2008; Straube et al., 2009; Willems et al., 2007).

Meaning and comprehension (in language, gestures, or
Please cite this article in press as: Ibáñez A, et al., Motor-language
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actions) appear to be general processes of cognition related to

motor process (Cornejo et al., 2009; Cosmelli and Ibáñez, 2008;

Davison, 2001; Diamond et al., 2008; Groeben and Scheele

2000; Ibáñez et al., 2010; Ibáñez and Cosmelli, 2008;

Jeannerod, 2001; Kelly et al., 2002, 2004, 2007, 2010b; Koelsch,

2009; Wu and Coulson, 2005) and deeply grounded in the

relational nature of the body to the world.
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Fig. 4 e Single-trial neural activity and iERPs (MP and N400) at premotor/motor and language ROIs. (A) Single-trial power

activity for compatible, incompatible and neutral trials at MP, M-N400 and L-N400 windows. (B) iERP waveforms for the

same conditions and windows. (C) Mean amplitude and peak of MP (L75 to 35 msec), M-N400 (390e500 msec) and

L-N400 (250e700 msec). Note that in panels A and B, a value of zero on the abscissa indicates the time of the response

for MP, whereas a value of zero indicates the time at which the verb was presented for M-N400 and L-N400. Motor

areas (first and second columns) correspond to Patient 2; and language areas (third column) are from electrodes on

Patient 1.
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4.1. Experiment 1: motor-language interaction in EPD

The ACE in normal volunteers confirmed the previously re-

ported compatibility effects (Aravena et al., 2010; Borghi et al.,

2004; Borreggine and Kaschak, 2006; De Vega, 2010; Fischler

and Bloom, 1979; Glenberg et al., 2008a; Glenberg and

Kaschak, 2002; Havas et al., 2007; Kaschak et al., 2005; Tseng

and Bergen, 2005; Wheeler and Bergen, 2010; Zwaan and
Please cite this article in press as: Ibáñez A, et al., Motor-language
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Taylor, 2006). Results with EPD participants suggest a direct

involvement of themotor system in language processing. This

result is consistent with reports of verbal processing deficits in

Parkinson’s disease (Bertella et al., 2002; Boulenger et al., 2008;

Crescentini et al., 2008; Peran et al., 2003; Peran et al., 2009).

However, no previous report of action-sentence integration

has been assessed in EPD participants or any other motor

disease.
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Our results confirmed that the semantic processing that

produces an ACE requires a preserved motor repertoire.

Reduced ACE in EPD participants was directly associated with

verbal processing deficits andwas unrelated to other cognitive

domains. Parkinson’s disease is caused by an impairment of

the basal ganglia that affects the nigrostriatal dopaminergic

pathway (Liu et al., 2006; Rodriguez-Oroz et al., 2009; Rosin

et al., 1997; Wilson, 1925). Originally EPD was defined as

a purely motor deficit because the basal ganglia were not

associated with other cognitive domains. Nevertheless,

current research highlights cognitive deficits in Parkinson’s

disease, specifically, impairment in working memory and

executive functions due to striato-frontal circuit malfunction

(Lieberman et al., 1992). Moreover, recent literature (Booth

et al., 2007; Kotz et al., 2009) assigns an important role to

subcortical neural systems and especially the basal ganglia

(Houk, 2005) in linguistic processing, caused by the direct

connections of putamen with the motor, premotor and

prefrontal cortices (Lehericy et al., 2004) (see “Basal ganglia

and language” in Supplemental data available online). It is

possible that auditory-motor interaction at the basal ganglia

(Grahn, 2009; Grahn and Rowe, 2009) is impaired in Parkin-

son’s disease (Grahn and Brett, 2009), affecting the coupling

between motor and semantic actions. Interestingly, our

results suggest a coupling between action language andmotor

activity, as predicted by the action-perception cycle and

simulation theories. But unlike most radical claims of those

approaches, we have shown that language-action coupling is

affected by neither cortical nor specific nor somatotopicmotor

activity, but by a basal ganglia deficit. As suggested by Arévalo

et al. (2012), rather than following the strict interpretation of

homuncular somatotopy for embodied semantics, their find-

ings and our results suggest the presence of a motor-language

network which is not restricted to somatotopically defined

cortical areas (see also Arévalo et al., 2007). The damage to

certain subcortical regions of this extended language-motor

network will not completely block patients’ ability to process

motor-associated concepts, but may result in subtle verbal

processing impairment (RTs unaffected by ACE).

Our report provides a new potential cognitive marker of

EPD, related to action-sentence integration. This marker can

complement the early diagnosis of Parkinson’s disease and

can be potentially investigated in other motor diseases such

as progressive supranuclear palsy, corticobasal degeneration,

spinobulbar muscular atrophy, Charcot-Marie-Tooth disease,

or amyotrophic lateral sclerosis, among others. Of course,

while this might prove to be accurate in the future, these

findings need to be replicated and extended to other patients

groups before they can be considered as a new biomarker

for PD.

4.2. Experiment 2: direct evidence of intertwined motor
and language cortical processing

Present results show that the N400 (time-locked to the target

final verb) and the MP (time-locked to the onset of motor

response) were modulated in a bidirectional way: (a) in the

language-to-motor direction, based on the evidence that

motor areas (MP) are directly influenced by language context;

and (b), in the motor-to-language direction, based on the
Please cite this article in press as: Ibáñez A, et al., Motor-language
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evidence that anterior temporal and frontal areas (N400) are

directlymodulated bymotor plans (hand position). In essence,

language and action, both co-operators of the coupling,

impact each other (see the bidirectionality hypothesis below).

4.2.1. Motor effects on language cortical processing
The N400 component is elicited when the meaning of a stim-

ulus is incongruent with its previous context. Although this

component was initially studied using linguistic stimuli,

recent studies have extended the previous results to richer

action sequences, such as action pictures, action videos,

gestures, and motor events (Aravena et al., 2010; Ibáñez et al.,

2010, 2011; Kelly et al., 2010a; Kiefer et al., 2011; Proverbio

et al., 2010; Sitnikova et al., 2003; van Elk et al., 2010). These

N400 studies point to a distributed and multimodal system

that is simultaneously open to verbal and non-verbal mean-

ings (Kutas and Federmeier, 2011). Consistent with this

evidence, we found the N400 modulation of incongruent

action-sentence pairs in anterior temporal areas, Broca’s area,

and frontal (premotor/motor) sites.

Although the spatial resolution provided by ERP does not

allow precise localization, evidence from lesion studies,

magnetoencephalography (MEG), and ERP source recordings

converge with our data to implicate left temporal areas (the

STG/MTG, the anterior-medial temporal lobe, the para-

hippocampal cortex and the anterior fusiform gyrus) as

candidate sources of the N400 (Van Petten and Luka, 2006).

Classic N400 effects assessed with depth recordings point to

the anterior temporal lobe (Grunwald and Kurthen, 2006;

McCarthy et al., 1995; Nobre and McCarthy 1995; Trautner

et al., 2004) and medial temporal lobe (Fell et al., 2008) as

the main sources of semantic processing. This is the first

ECoG study of the N400 involving actions, confirming the role

of left temporal cortex (STG and MTG) in semantic integra-

tion. In addition, we found N400 activation in Broca’s region

(IFG), thus supporting the role of this area in N400modulation

(Hagoort et al., 1996; Swaab et al., 1998; ter Keurs et al., 2002).

Furthermore, we found a delayed M-N400 effect in motor

areas (M1 and ventral-dorsal PM area) when compared to L-

N400, suggesting a direct motor involvement in language

processing (Halgren et al., 1994; van Elk et al., 2010). Finally,

during clinical assessments of electrode placement, direct

electrical stimulation on temporal areas (electrodes 13, 21,

22), Broca’s (electrodes 30, 31), and motor areas (electrodes 7

and 8) produced language comprehension deficits, language

production impairments, and motor activity, respectively.

Finally, modulation of an early L-N400 (beginning at

250 msec) and a late M-N400 (beginning at 390 msec) in

response to compatible and incompatible trials suggests

a perception (or language-action) cycle in which language and

motor processes overlap and mutually influence one another.

We remind the reader that participants kept both of their

hands in the required shape throughout each block of trials, as

posture has been shown to modulate semantic processing

(Badets and Pesenti 2010; Glenberg et al., 2008b; Lindeman

et al., 2006; van Elk et al., 2008). In addition, N400 effects of

anticipation have already been reported [spoken words: (van

den Brink et al., 2001, see also Guerra et al., 2009; Ibáñez

et al., 2006); video clips: (Cornejo et al., 2009; Ibáñez et al.,

2010; Sitnikova et al., 2003)].
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4.2.2. Language effects on motor cortical processing
The MP (Hatta et al., 2009) or late motor-related potential (late

MRP; Deecke 1987; Smith and Staines 2006), is a negativity

beginning shortly before the response onset (�90 msec),

possibly indexing pyramidal neuron activity in the premotor

cortex (PM) and in the primary motor cortex (M1) at motor

execution. Intracranial recordings of the MP are observed at

contralateral premotor/motor representations (Szurhaj and

Derambure, 2006; Toro et al., 1994) and are considered to be

a measure of motor cortex excitability (Karl et al., 2004). MP

amplitude modulation has been associated with the rate of

force, precision of movement, speed (Aravena et al., 2010;

Hatta et al., 2009; Slobounov et al., 2002), and also with

short-term training effects (Smith and Staines, 2006).

We observed larger amplitudes of MP in the compatible

condition (confirming previous results: Aravena et al., 2010).

The MP reported here was localized in the premotor and

motor areas. It is important to note that the observed effects

include the contralateral motor representation area, and

(during clinical assessments of electrode placement) direct

stimulation of these electrodes (especially 7 and 8) elicited

motor activity in the patient’s contralateral hand. Our results

allow us to speculate that language priming facilitates

compatible motor programming.

The overall results are consistent with previous findings of

motor facilitation produced by action verbs (Aziz-Zadeh et al.,

2006; Boulenger et al., 2006, 2009; Gentilucci and Gangitano

1998; Glenberg and Kaschak, 2002; Glover et al., 2004; Hauk

et al., 2004; Hauk and Pulvermüller 2004; Oliveri et al., 2004;

Pulvermüller 2005; Pulvermüller et al., 2005; Tettamanti

et al., 2005; Wheeler and Bergen 2010). Similarly, reports

based on ERP (Shtyrov et al., 2004) and MEG (Pulvermüller and

Shtyrov, 2006) have confirmed that action words elicit early

motor programs, and Glenberg et al. (2008b) found that greater

activity modulation occurs in the handmuscles when reading

sentences that describe the transfer of objects with the hand.

Nevertheless, no previous study has provided direct cortical

measures of action-sentence MP modulation in the context of

a bidirectional effect.

On the other hand, our ECoG results (convergent with EPD

results) do not provide a specific somatotopic association of

language content and related motor hand sites, but rather,

quite the opposite. We found a broad activation of premotor

and motor areas sensitive to ACE. This result is consistent

with recent studies demonstrating a lack of somatotopic

motor organization for action semantics (Arévalo et al., 2012;

Postle et al., 2008).
5. Conclusion

Thebidirectionalityhypothesis claims thatbothaction-language

comprehension and motor processes share neural resources

that co-operate mutually; that is to say that motor processes

influences the comprehension of action sentences, and action-

sentence comprehension influences motor processes (Aravena

et al., 2010). This hypothesis is consistent with recent models

of contextual integration in action meaning (Amoruso et al.,

2011) and social cognition (Ibáñez and Manes, in press).
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Some motor-language models propose that the motor

system plays a key role in language processing (e.g., Rizzolatti

and Craighero, 2004). Those approaches have been recently

criticized (Louwerse and Jeuniaux, 2008; Mahon and

Caramazza, 2008; Toni et al., 2008; Willems and Hagoort,

2007), specifically, regarding the claims of sensory-motor

resonance as a causal mechanism for bringing language

comprehension and human communication within the realm

of the motor system. Those criticisms are sometimes focused

on the mirror neuron system (Barrett et al., 2005; Jacob and

Jeannerod, 2005; Mahon and Caramazza, 2008; Toni et al.,

2008; Willems and Hagoort, 2007). However, a framework

supporting a motor-language coupling cannot only be based

in an exclusively mirror neuron mechanism (Hickok, 2009;

Mahon and Caramazza, 2005; Negri et al., 2007; Willems and

Hagoort, 2007). These frameworks consider the interaction

of semantic knowledge and motor process (Toni et al., 2008),

beyond the mirror neuron as a unique neural mechanism for

language (Arbib, 2010; Heyes 2010; Molenberghs et al., 2009).

Neuropsychological research has been another source of

criticism. For instance, language is not always impaired with

disruption to motor regions and vice versa (Arbib, 2006;

Heilman and Rothi, 2003; Papagno et al., 1993), but such

evidence is controversial (Hickok and Poeppel, 2000). In

contrast, there is cumulative evidence that motor impairment

affects verb processing: progressive supranuclear palsy is

associated with selective impairment in verb processing (Bak

et al., 2001; Bak et al., 2006), fronto-temporal dementia

shows a similar pattern (d’Honincthun and Pillon, 2008; Rhee

et al., 2001), Parkinson’s disease patients have deficits

producing verbs (Boulenger et al., 2008; Peran et al., 2009) and

verb-processing deficits have been reported in Amyotrophic

Lateral Sclerosis (Neary et al., 2000).

This wide range of effects can be understood in terms of

a dynamic coupling between non-somatotopic motor cortex

and language systems, and that coupling is sensitive to

dynamic changes triggered by experience (Elman and Bates,

1997; Haslinger et al., 2005; Ostry et al., 2010). As an

example, recovered aphasia patients have evidenced

compensatory plasticity (Cappa et al., 1997; Cappa and Vallar,

1992). Any cognitive process requires dynamic large-scale

neural network integration (Aravena et al., 2010; Fuster,

2003; Mesulam, 1990; Mesulam, 1998; Nachev et al., 2008;

Toni et al., 2008). The bidirectionality hypothesis can

accommodate apparent contradictory findings from the

motor-language realm because it does not assume a strong

dependency of motor involvement for language processing

but a brain dynamic coordination with other (non-motor)

regions of semantic processing. Our results are consistent

with the bidirectionality hypothesis, proposing an interplay

between multiple domains.

Understanding themotor-languagemutual coordination is

critical for different research programs. This is the first report

showing direct evidence of a bidirectional coupling in the

motor-to-language and language-to-motor directions. We

provide evidence of a motor influence in language compre-

hensionby the impairedACE inEPDparticipants. Furthermore,

the ECoG measures of frontal (motor) and fronto-temporal

(language) activity demonstrated the bidirectional interac-

tions between language and motor processes. Our results
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suggest that language-motor coupling does not have a strong

somatotopic organization, and it extends to subcortical motor

networks as well as to the motor and premotor cortices. Our

results open new pathways of research in the fields of motor

diseases, theoretical approaches to language understanding,

and models of action-perception coupling.
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