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Do embodied semantic systems play different roles depending on when and how well a given 

language was learned? Emergent evidence suggests that this is the case for isolated, 

decontextualized stimuli, but no study has addressed the issue considering naturalistic narratives. 

Seeking to bridge this gap, we assessed motor-system dynamics in 26 Spanish-English bilinguals 

as they engaged in free, unconstrained reading of naturalistic action texts (ATs, highlighting the 

characters’ movements) and neutral texts (NTs, featuring low motility) in their first and second 

language (L1, L2). To explore functional connectivity spread over each reading session, we 

recorded ongoing high-density electroencephalographic signals and subjected them to functional 

connectivity analysis via a spatial clustering approach. Results showed that, in L1, AT (relative to 

NT) reading involved increased connectivity between left and right central electrodes consistently 

implicated in action-related processes, as well as distinct source-level modulations in motor 

regions. In L2, despite null group-level effects, enhanced motor-related connectivity during AT 

reading correlated positively with L2 proficiency and negatively with age of L2 learning. Taken 

together, these findings suggest that action simulations during unconstrained narrative reading 

involve neural couplings between motor-sensitive mechanisms, in proportion to how consolidated 

a language is. More generally, such evidence addresses recent calls to test the ecological validity 

of motor-resonance effects while offering new insights on their relation with experiential variables.
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1. Introduction

Do embodied semantic systems play different roles depending on when and how well a 

given language was learned? This key question within the language grounding framework 

has been informed by bilingual experiments targeting action words in first and second 

languages (L1s, L2s) (Ahlberg et al., 2017; De Grauwe et al., 2014; Dudschig et al., 2014; 

Kogan et al., 2020; Vukovic and Shtyrov, 2014). However, the field is undermined by low 

ecological validity (i.e., low representativeness), as it relies mainly on decontextualized 

word-level stimuli presented in sequences that do not reflect the conditions of reading in 

daily life (García et al., 2018; Trevisan et al., 2017). To bridge this gap, the present study 

examines electroencephalographic (EEG) connectivity signatures of motor-system 

modulation in bilinguals with varying proficiency levels and ages of L2 learning as they 

freely read action-laden and non-action-laden narratives in L1 and L2.

Abundant research shows that, in L1, action-related words increase motor-network activity 

(Aziz-Zadeh et al., 2006; García et al., 2019; Hauk et al., 2004), modulate 

neurophysiological markers of action-language coupling (Aravena et al., 2010; Ibáñez et al., 

2013), and affect ongoing physical movements (Bergen et al., 2010; García and Ibáñez, 

2016a; Marino et al., 2014). Though scanter, evidence from action-language experiments in 

L2 has revealed similar behavioral (Buccino et al., 2017) and neurofunctional (Bergen et al., 

2010; De Grauwe et al., 2014; Ibáñez et al., 2010; Vukovic, 2013; Vukovic and Shtyrov, 

2014; Xue et al., 2015) effects, although these are weaker (Vukovic and Shtyrov, 2014) or 
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less widespread (De Grauwe et al., 2014) than in L1. In fact, reduced embodied reactivations 

for L2 than L1 have also been reported during processing of emotion-related language 

(Foroni, 2015; Hsu et al., 2015). Therefore, as recently proposed in an integrative review 

(Kogan et al., 2020), the engagement of sensorimotor brain systems may be attenuated in 

languages learned after middle childhood (L2s) as compared with those acquired since intra-

uterine life (L1s).

Moreover, the magnitude of embodied effects is further sensitive to L2-specific variables, 

crucially including L2 proficiency –i.e., the current level of ability in L2 usage (Hulstijn, 

2012) – and age of L2 learning –i.e., the approximate period signaling language 

appropriation (Paradis, 2009). In fact, as captured in psycholinguistic (Dijkstra and van 

Heuven, 2002; Dijkstra et al., 2018; Kroll et al., 2010) and neuroscientific (Green, 2004; 

Paradis, 2009; Ullman, 2001) models, these two factors can modulate linguistic functions in 

bilinguals. For instance, higher proficiency levels are associated with greater reliance on 

direct (as opposed to L1-mediated) word-concept mappings in L2 (Guasch et al., 2008; 

Sunderman and Kroll, 2006), less asymmetric processing when comparing L1 and L2 tasks 

(García, 2015a; García et al., 2014), and more convergent recruitment of neural resources in 

both languages (Abutalebi, 2008). Similarly, a lower age of L2 learning has been linked to 

more parallel co-activation of both languages (Canseco-Gonzalez et al., 2010), increased 

inhibition of the non-target language (Bylund et al., 2019), greater neural sensitivity to fine-

grained semantic distinctions in L2 (Vilas et al., 2019), and less marked differences in brain 

activation between L2 and L1 (Liu and Cao, 2016). More particularly, neurocognitive 

embodied effects during L2 action-language processing have been shown to correlate with 

L2 proficiency (Bergen et al., 2010) or even to be present only in high- as opposed to low-

proficiency subjects (Ibáñez et al., 2010; Vukovic, 2013). Briefly, these findings suggest 

that, much like other neurolinguistic mechanisms, embodied systems could be differentially 

recruited depending on how well (and, possibly, when) a language has been learned.

Now, except for a few works that have explored comprehension of naturalistic narratives in 

bilinguals within the simulation theory framework (Adams et al., 2018; Walker et al., 2017), 

this empirical corpus is marked by a major shortcoming: its virtually null ecological validity. 

Indeed, while the above studies involved randomized series of disconnected and 

(pseudo)randomized items (for a review, see Kogan et al., 2020), daily language processing 

is based on context-rich texts characterized by cohesion, coherence, and unfolding semantic 

relations (Halliday and Matthiessen, 2014). Moreover, by requiring subjects to either read 

isolated words presented in quick flashes and/or respond to them with arbitrary movements 

–see García and Ibáñez (2016b) for a review, and Afonso et al. (2019) for a critique–, all 

those experiments fail to capture the actual conditions of written language processing, which 

typically involves reading multi-sentential paragraphs presented all at once (Hasson et al., 

2018). Therefore, the bulk of embodied research is mostly moot on how, and even whether, 

grounding mechanisms are critically engaged during naturalistic L1 and L2 processing.

Promisingly, a new framework has begun illuminating the issue through the use of realistic 

yet highly controlled narratives (Trevisan and García, 2019). This approach has shown that 

action comprehension in naturalistic stories is distinctively and primarily affected in patients 

with movement disorders (García et al., 2018) and selectively boosted via sustained bodily 
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training (Trevisan et al., 2017). Moreover, measures of ongoing brain signatures in other 

discourse-level paradigms suggests that action-related regions are modulated as a function of 

noun manipulability (Desai et al., 2016). Taken together, these findings suggest that motor 

systems do play a critical role in grounding action-related meanings embedded in 

naturalistic narratives. A fertile space is thus opened to assess the neural bases of these 

ecological phenomena in L1 and L2, as well as their relation with the subjects’ L2 

proficiency and age of L2 learning.

Here we address this challenge focusing on free reading of paragraphlong narratives. EEG 

affords a valuable framework to this end, as it allows replicating typical conditions of 

everyday reading (assuming a sitting position while facing multi-sentential texts all at once) 

while targeting effects over specific task-sensitive electrodes. In this sense, modulations over 

left and right central electrodes –particularly those around electrodes C3 and C4, often 

termed ‘motor electrodes’ (Ewen et al., 2016; van Ede et al., 2019)– represent robust indexes 

of action-related processes, including object grasping (Ewen et al., 2016), normal (Edelman 

et al., 2015; Neuper et al., 2005; Pfurtscheller et al., 2006) and abnormal (López-Larraz et 

al., 2015) motor imagery, and action-verb access (Melloni et al., 2015; Vukovic and Shtyrov, 

2014). Moreover, although an EEG setting poses major challenges to typical word-by-word 

analyses over long written passages (due to the tendency to look back at previous chunks of 

discourse, the difficulties of ascribing differential signatures between texts to any specific 

fine-grained variable, and the impossibility of tracking global neural states cutting across the 

reading act) (Picton et al., 2000), these limitations can be overcome by (i) using texts that are 

carefully controlled over multiple relevant dimensions and (ii) analyzing neural activity 

spread over the whole of each reading session. In particular, the latter requisite can be met 

via functional connectivity metrics, such as the weighted symbolic mutual information 

(wSMI) method, capable of discriminating between cognitive macro-states over extended 

time periods (Imperatori et al., 2019).

Building on this rationale, we conducted two tasks (one in L1, and one in L2) to examine 

functional connectivity signatures of embodied processing during naturalistic text reading. 

Specifically, in each language, we assessed cognitive macro-states spread over unrestricted 

reading of two types of narrative: an action text (AT), focused on the characters’ bodily 

movements, and a neutral text (NT), featuring low action content. Based on previous 

findings (De Grauwe et al., 2014; Ibáñez et al., 2010; Vukovic and Shtyrov, 2014), we 

hypothesized that, compared to the NT, the AT in L1 would involve greater connectivity 

among (motor-related) left and right central electrodes as well as distinct source-space 

activity modulations in motor regions. Also, we anticipated that enhanced motor-related 

connectivity would be attenuated in L2, but still associated with the subjects’ L2 proficiency 

and age of L2 learning. Briefly, with this innovative approach, we aim to illuminate how 

linguistic experience shapes sensorimotor grounding in highly ecological conditions.

2. Methods

2.1. Participants

The study comprised 30 bilinguals from Argentina who acquired Spanish as L1 and learned 

English as L2, mainly through formal, classroom-based instruction. They all had normal or 
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corrected-to-normal vision and no history of neurological or psychiatric disease. Four 

subjects were excluded because of technical errors during signal recording. Thus, the final 

group consisted of 26 bilinguals, a sample size that reaches a power of .97 (see 

Supplementary material, section S1). The group was composed of 21 women and 5 men, 

with a mean of 30.30 (SD = 7.94, range: 19–46) years of age, an average age of L2 learning 

of 7.28 (SD = 3.52; range: 1–18), and 16.80 (SD = 7.35, range: 4–30) years of L2 study. 

Self-report data obtained through a previously reported questionnaire (Vilas et al., 2019) 

indicated that, on a scale from 1 (complete inability to perform even basic linguistic tasks) to 

7 (high capacity to routinely deploy those skills at ease), the sample had high levels of 

proficiency in both languages (L1: M = 6.61, SD = 0.50, range: 6–7; L2: M = 6.07, SD = 

0.84, range:4–7).

All participants read and signed an informed consent form before beginning the study. The 

protocol was carried out in accordance with the Declaration of Helsinki and was approved 

by the Ethical Research Committee of the Institute of Cognitive Neurology (Argentina), a 

host institution of the Institute of Cognitive and Translational Neuroscience.

2.2. Materials

The materials consisted of four simple short stories. All texts were built following a 

systematic protocol (Trevisan and García, 2019) and they were reported in previous studies 

(García et al., 2018; Trevisan et al., 2017). Two of them were created in Spanish (L1) and 

the other two were created in English (L2). Each pair was composed of one AT, which 

systematically focused on the characters’ bodily movements; and one NT, typified by low 

action content. Descriptive and statistical details about each text pair is offered in the next 

subsections.

2.2.1. L1 task: Spanish stories—The two L1 stories, reproduced in the 

Supplementary material (section S2), were taken from García et al. (2018). The L1-AT 

narrates an afternoon in the life of Juancito, focusing on his bodily actions while he plays 

with his parents in a park. His activities include running on the grass, playing soccer, and 

interacting with both his parents and various objects. Also highlighted are the bodily actions 

of other characters, such as a clown who dances and children who applaud him. For 

example, one of the sentences reads “Juancito corrió velozmente hacia el lugar donde el 
payaso saltaba y bailaba” (“Juancito ran quickly to the place where the clown was jumping 

and dancing”). Also, the text includes rich details about the park, the objects in it, and how 

bodily actions were performed. A key aspect of this text is that 24 out of 32 of its verbs 

denote explicit motor actions. The other eight (non-action) verbs denote mental, relational, 

or emotional states (e.g., the boy falling asleep) as well as impersonal happenings (e.g., the 

sun coming up).

The L1-NT describes the feelings, thoughts, and perceptions of Alberto, a young man who is 

relaxing at a bar in a disco. Emphasis is placed on Alberto’s affective, mental, and sensory 

processes as he talks to his friend, Mario, and his girlfriend, Elsa. In particular, several 

sentences focus on his emotional responses to surrounding events [e.g., “Alberto escuchó su 
canción favorita y se entusiasmó mucho” (“Alberto heard his favorite song and was very 
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excited”)]. Besides, the text offers abundant circumstantial information about places, objects, 

and temporal features of Alberto’s inner states. Crucially, 31 out of 32 verbs in the story 

denote non-motor processes. The remaining verb denoted bipedal movement (namely, 

crossing the street).

Importantly, the two narratives were comparable across multiple syntactic, lexical, semantic, 

pragmatic, and text-level variables, as in García et al. (2018). See Table 1 for statistical 

details.

2.2.2. L2 task: English stories—The L2 stories, presented in the Supplementary 

material (section S3), were extracted from (Trevisan et al., 2017). The L2-AT narrates the 

day when Donald lost his moneybag, focusing on his bodily actions as he looks for it. His 

activities include running to his friend’s house and interacting with both his friend and 

various objects. The story also describes the bodily actions of other characters, such as a 

receptionist who types a newspaper ad. For example, one of the sentences reads “He gave 
him the money and added some more coins”. Also, the text specifies aspects of the locations 

and objects involved in the story, in addition to details about how physical actions were 

executed. Importantly, 25 out of 32 verbs in this AT refer to motor actions. The other seven 

verbs point to events that do not necessarily imply bodily movements, such as thinking or 

losing an object.

The L2-NT narrates the day when Steve discovered the taste of chocolate, focusing on his 

mental, sensory, and affective processes. The narration mostly revolves around his emotional 

responses to ongoing events (e.g., “How much he loved them!”). In addition, the text offers 

abundant circumstantial information depicting the village where Steve lives, the objects 

involved, and temporal features of his inner states. Importantly, the majority of verbs in this 

story (23 out of 32) denote non-motor processes. The remaining nine verbs allude to events 

that could be construed as requiring movement, such as going, teaching, and starting a 

journey. Furthermore, the number of action verbs in the L2-AT and non-action verbs in the 

L2-NT did not differ significantly from their counterparts in L1 [L1-AT action verbs = 24, 

L2-AT action verbs = 25, X2
(1)= 0.02, p = .88; L1-NT non-action verbs = 31, L2-NT non-

action verbs = 23, X2
(1) = 1.18, p = .27].

Crucially, the two L2 narratives were comparable across multiple syntactic, lexical, 

semantic, pragmatic, and text-level variables, as in Trevisan et al. (2017). See Table 2 for 

statistical details.

2.3. Procedure

First, participants completed the self-report questionnaire described in section 2.1. Then, 

they sat comfortably facing a computer screen in a dimly illuminated EEG room. They were 

told that they would be shown written texts on the screen, some in Spanish and some in 

English, and that they should simply read them silently, at their own pace and only once, 

without moving their heads, arms or bodies. They were further informed that, after reading 

each text, they would have to answer three comprehension questions (this was done to force 

attention and guarantee deep semantic processing throughout the task). The study began 

with a brief practice block, which consisted of one narrative with the same length and 
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structure as the ones in the experiments, followed by three sample questions. After the 

practice block, participants read the AT and NT of one language and then the other two. 

Each text was presented all at once, in a single justified paragraph typed in white font 

(Calibri, size 22) against a black background. Participants were instructed to press a key to 

launch each text and then to remove it once they had finished reading it. The order of the 

tasks (L1, L2) and the sequencing of the AT and the NT within them, were systematically 

counterbalanced across participants –with the strategic constraint that two texts from the 

same category (e.g., the Spanish AT and the English AT) were never presented successively. 

Immediately after each narrative, the volunteer was presented with three true or false 

questions and asked to choose the correct answer by pressing predefined keys. Overall, the 

experiment lasted roughly 10 min. The structure of the experimental session is diagrammed 

in Fig. 1A.

2.4. EEG methods

2.4.1. Preprocessing—During the reading of each text, EEG signals were acquired 

online through a Biosemi Active-two 128-channel system with pre-amplified sensors and a 

DC coupling amplifier, at a sampling rate of 1024 Hz. Analog filters were set at 0.03 and 

100 Hz. A digital bandpass filter between 0.5 and 30 Hz was applied offline to remove 

unwanted frequency components. The reference was set to link mastoids for recordings and 

re-referenced offline to the average of all electrodes. Eye movements and blink artifacts 

were removed via independent component analysis and artifacts were rejected through 

visual inspection by an expert, following the exact same approach used by our team in 

previous EEG studies assessing linguistic and non-linguistic processes in diverse 

populations (Aravena et al., 2010; Dottori et al., 2017, 2020; García--Cordero et al., 2016; 

Ibáñez et al., 2010, 2013; Melloni et al., 2015; Vilas et al., 2019; Yoris et al., 2017). Bad 

channels were replaced with statistically weighted spherical interpolation (based on all 

sensors) and then the variance of the signal across trials was calculated to guarantee the 

stability of the averaged waveform (Courellis et al., 2016). Events were inserted every 1 s 

from the beginning until the end of the reading of each text, resulting in four type of events: 

action text in L1 (L1-AT), neutral text in L1 (L1-NT), action text in L2 (L2-AT), and neutral 

text in L2 (L2-NT). The number of events of each text depended on the time the participant 

took to read the text. Importantly, averaged reading latencies did not differ significantly 

[F(3,75) = 1.48, p = .23] among the four texts (L1-AT: M = 58.60 s, SD = 14.54 s; L1-NT: 

M = 66.23 s, SD = 18.00 s; L2-AT: M = 64.14 s, SD = 21.40 s; L2-NT: M = 60.87 s, SD = 

23.22 s). Likewise, the number of data segments was similar [F(3,75) = 1.45, p = .25] across 

the four texts (L1-AT: M = 62.65, SD = 3.93; L1-NT: M = 69.57, SD = 3.93; L2-AT: M = 

68.46, SD = 3.93; L2-NT: M = 63.96, SD = 3.93). As done in previous EEG studies 

employing the wSMI method to Complex/complex-compound sentences examine 

temporally variable cognitive states (Imperatori et al., 2019), we selected 1-s segments from 

continuous data. These processing steps were implemented using custom MATLAB scripts 

based on EEGLAB toolbox (Delorme and Makeig, 2004) and custom-made scripts for 

further processing.

2.4.2. Weighted symbolic mutual information (wSMI) methods—The wSMI 

metric is a functional connectivity method that captures patterns of non-linear information 
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sharing. Of note, this method is sensitive capture modulations that escape the possibilities of 

strictly linear methods, such as correlations or the coherence metric. Moreover, it has proven 

sensitive to track different higher-order cognitive operations (García-Cordero et al., 2017; 

Hesse et al., 2015), including general (Hesse et al., 2019) and embodied (Melloni et al., 

2015) semantic processes, as well as cumulative differences between contrastive cognitive 

states over varying periods of time (Imperatori et al., 2019). In line with standard procedures 

(King et al., 2013), signals were transformed into symbols. By defining values of k (the 

number of samples that represent a symbol, set to 3) and τ (the temporal separation between 

them, set to 32 ms), we sensitized wSMI to a frequency range of 0.5–11 Hz, which is apt to 

capture modulations related to motoric (Pfurtscheller and Neuper, 1997) and action-semantic 

(Vukovic and Shtyrov, 2014) processes, while also discriminating among low- and high-

proficiency bilinguals during naturalistic discourse processing in L1 and L2 (Reiterer et al., 

2005). The joint probability between the signals was then calculated for each pair of 

channels, for each data segment, and wSMI was estimated using a joint probability matrix 

multiplied by binary weights. These weights were set to zero for pairs of (a) identical 

symbols and (b) opposed symbols that could be elicited by a unique common source.

2.4.3. Exploratory source estimation analysis—Brainstorm’s Matlab toolbox was 

used to estimate source activations from scalp EEG activity (Tadel et al., 2011). The 128 

sensor positions of Biosemi’s cap were aligned to an anatomy template created from the 

standard MNI-152 template (ICBM-152, without white-matter envelope). A forward lead 

field (or gain) model, composed of 15000 vertices distributed along the cortical surface, was 

computed using the Open-MEEG boundary element model (Gramfort et al., 2010). For each 

participant and text condition, this common lead field model was combined with observed 

EEG activity to solve the inverse problem (i.e., estimation of source activity) using the 

standardized Low Resolution Electromagnetic Tomography (sLORETA) method (Pascual-

Marqui, 2002). Resulting activity in the source space was grouped according to the 62 brain 

regions parceled by the Mindboggle Atlas (Klein and Hirsch, 2005). In particular, following 

previous action-language research (García et al., 2019), we selected four relevant scouts 

namely: a left motor (precentral) scout, a right motor (precentral) scout, a left superior 

temporal scout, and a right superior temporal scout. The activity of each scout was averaged 

across time. Specifically, to test the prediction that the AT would elicit greater motor 

activation than the NT, we conducted one-tailed t-tests considering the activity underlying 

each text in each scout.

2.5. Data analysis

All analyses were performed for each task independently, comparing the L1-AT vs. the L1-

NT, on the one hand, and the L2-AT vs. the L2-NT, on the other. To analyze the connectivity 

matrix of each participant in each task, we performed a nonparametric cluster-based 

permutation test for dependent samples (Maris and Oostenveld, 2007), an approach that has 

proven sensitive to semantic effects (Moreno et al., 2015), even in bilinguals (Vilas et al., 

2019). In both the L1 task and the L2 task, whole-brain connectivity links were also 

evaluated and compared between AT and NT data via non-parametric permutation tests 

(with 1000 iterations). Electrode pairs were considered part of the same cluster if their 

connectivity reached p < .05. These clusters were considered significant with a minimum of 
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ten electrodes and at a p < .025 (assuming an alpha level of 0.05) relative to the calculated 

sample, as in previous works (Maris and Oostenveld, 2007; Vilas et al., 2019). The 

significant clusters were used to mask the raw matrix. Then, for each language, the NT data 

was subtracted from the AT data and plotted in a topography plot, with positive values of the 

cluster representing greater connectivity for the AT and negative values representing greater 

connectivity for the NT.

Moreover, to evaluate whether the recruitment of embodied mechanisms was related to the 

degree of entrenchment of the L2, we performed Pearson’s correlations between the 

connectivity of motor regions and the participants’ (a) L2 proficiency and (b) age of L2 

learning. For maximal stringency in our analysis, correlations were replicated over three 

estimations of motor connectivity. First, we derived a data-driven ROI based on the results of 

the cluster analysis. Specifically, given that no significant clusters were observed for the L2 

task (see section 3.2.1), we established a motor ROI comprising the electrodes that showed 

enhanced connectivity during L1-AT processing [B30, B32, C2, C20, C21, D5, D11, D12, 

D20, D22, D28] (Supplementary data, section S4, Figure S1A) and used it to mask the 

connectivity matrix of the L2 conditions. This analysis was complemented with a control 

ROI comprised of the electrodes yielding enhanced connectivity during L1-NT processing 

[B27, B28, B29, B31, C1, C4, C5, C6, C7, C8, C9, C10, C11, C12, C13, C14, C15, C16, 

C17, C18, C22, C23, C24, C25, C26, C27, C28, C29, C30, C31, C32, D1, D2, D3, D4, D6, 

D7, D8, D9, D10, D13, D14, D16, D17, D18, D21, D23, D24, D25, D26, D27, D29, D30, 

D31, D32] (Supplementary data, section S4, Figure S1A). Second, we replicated the 

correlation analysis using two hypothesis-driven ROIs, namely: an embodied ROI derived 

from a previous study on action semantics [D12, D19, D28] (Vukovic and Shtyrov, 2014) 

(Supplementary data, section S4, Figure S1B movement-sensitive ROI taken from a motor-

tapping experiment [ D11, D12, D13, D18, D19, D20] (Yoris et al., 2017) (Supplementary 

data, section S4, Figure S1C). Then, for each subject, we averaged the connectivity of all the 

electrodes in the ROI upon subtraction of the AT from the NT. On the other hand, for the 

two hypothesis-driven ROIs, we directly averaged the connectivity of all electrodes of the 

ROI upon subtraction of the AT from the NT, without masking the connectivity matrix. 

Moreover, to ensure that the predicted correlations were specific to L2 embodiment, we 

analyzed whether L2 proficiency and age of L2 learning were related to enhanced 

connectivity during (i) L2-NT processing and (ii) L1-AT processing. The cluster analysis 

was performed with Matlab software and the Pearson’s correlations were run on R 3.5.2 

software.

3. Results

3.1. L1 task

3.1.1. Cluster analysis in L1—Comparisons of brain activity between the AT and NT 

in L1 revealed significantly different clusters (p = .005, cluster-corrected; Fig. 1B, left and 

middle insets). Specifically, the AT presented increased connectivity between left and right 

motor-related electrodes (Fig. 1B, left inset), while the NT exhibited higher connectivity 

over the rest of the cluster’s significant electrodes, covering left and right frontal and 

temporal locations (Fig. 1B, middle inset).

Birba et al. Page 9

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1.2. Exploratory source estimation results—The contrast between AT and NT 

activity in L1 revealed significant differences over the left motor scout [t(43.411) = 1.77, p 
= .04], with no significant effects over the left temporal scout [t(40.31) = 1.42, p =.08] –Fig. 

1B, right inset. Neither did we find any significant differences in the right motor scout 

[t(45.959) = 1.68, p = .95] or the right temporal scout [t(39.594) = −0.59742, p = .28].

3.2. L2 task

3.2.1. Cluster analysis in L2—The direct contrast between AT and NT revealed no 

significant functional connectivity differences in L2 (p > .025, cluster-corrected).

3.2.2. Correlations between enhanced AT connectivity in L2 and measures of 
L2 entrenchment—Despite the lack of connectivity differences between the L2 texts 

when averaging the whole sample, we examined whether enhanced connectivity among 

motor-related electrodes during AT processing was related to measures of L2 entrenchment 

(namely, L2 proficiency and age of L2 learning). Results from our data-driven approach 

revealed a positive correlation between L2 proficiency and enhanced connectivity of the AT-

based ROI in L2 (AT vs. NT) (r = 0.43, p = .03, Fig. 1C1, left inset) but not with enhanced 

connectivity of the NT-based ROI (r = 0.29, p =.15, Fig. 1C1, right inset). These results were 

specific to L2, since the correlations between L2 proficiency and the connectivity of the AT- 

and NT-based ROIs in L1 (AT vs. NT) processing did not reveal any significant results (see 

Supplementary material, section S5). These results were replicated by the correlations based 

on hypothesis-driven ROIs, as L2 proficiency positively correlated with the connectivity of 

the embodied ROI (r = 0.43, p =.03) and of the movement-sensitive ROI (r = 0.41, p = .03) 

during L2 (AT vs. NT) processing. These results were also specific to L2, since the 

correlations between L2 proficiency and the connectivity of the AT- and NT-based ROI 

during L1 (AT vs. NT) proficiency did not reveal any significant results (Supplementary 

material, section S5).

Additionally, we inspected the relation between age of L2 learning and enhanced 

connectivity for AT and NT in L2. We found a negative correlation with the data-driven AT 

ROI (r = 0.40, p = .047, Fig. 1C2 left panel) but not with the connectivity of the data-driven 

NT ROI (r = −0.03, p =.87, Fig. 1C2, right panel). As in the analysis of L2 proficiency, these 

results were specific to L2, since no significant correlations were observed with the 

connectivity of either ROI during L1 (AT vs. NT) processing (Supplementary material, 

section S6). However, the significant correlation observed for the data-driven AT ROI was 

not replicated in the analyses based on the two hypothesis-driven ROIs, namely: the 

embodied ROI (r= −0.25, p =.21) and the movement-sensitive ROI (r = −0.23, p =.26). 

Furthermore, we reran these analyses after removing one subject whose age of L2 learning 

(namely, 18) was found to be an outlier at 2 SDs from the sample’s mean. The correlation 

between connectivity in the AT ROI and age of L2 learning remained significant, whereas all 

control correlations remained non-significant (for details, see Supplementary material, 

section S6, Figure S2).
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4. Discussion

This study examined whether the recruitment of embodied semantic systems during 

naturalistic text reading is driven by when and how well a language was learned. During L1 

processing, AT reading involved increased connectivity between left and right (motor-

related) central electrodes, together with differential activation of motor regions. Moreover, 

although no such pattern was observed for L2 when collapsing all participants, enhanced 

motor-related connectivity during L2-AT processing correlated positively with L2 

proficiency and negatively with age of L2 learning. Crucially, all these patterns were specific 

to AT (as opposed to NT) reading. Therefore, the role of embodied semantic systems during 

naturalistic discourse processing seems sensitive to ontogenetic and language proficiency 

factors.

The principal finding in the L1 task is that reading of the L1-AT involved increased 

connectivity between left and right central electrodes. Crucially, the electrodes in this cluster 

have been consistently linked to signatures of action-related processes, like event-related 

desynchronization of the beta band during object grasping (Ewen et al., 2016), changes of 

oscillatory activity in motor imagery tasks (Edelman et al., 2015; Neuper et al., 2005; 

Pfurtscheller et al., 2006), and disruptions of such patterns in sub-acute tetraplegic patients 

(López-Larraz et al., 2015). More particularly, in previous studies, similar sets of electrodes 

have shown modulations of mu rhythms (Vukovic and Shtyrov, 2014) and the motor 

potential (Melloni et al., 2015) during action-verb access. Considering the specific 

manipulation between the AT and the NT, this pattern suggests that action comprehension 

may distinctively recruit motor mechanisms, as previously indicated by neuroimaging (Aziz-

Zadeh et al., 2006; García et al., 2019; Hauk et al., 2004), electrophysiological (Aravena et 

al., 2010; Ibáñez et al., 2013), and behavioral (Bergen et al., 2010; García and Ibáñez, 

2016a; Marino et al., 2014) studies examining action-verb processing via isolated words and 

sentences, sometimes even in combination with actual physical movements –as seen, for 

instance, in studies showing faster knob-turning movements upon reading directionally 

compatible action sentences (Zwaan and Taylor, 2006). In line with canonical perspectives 

in the embodied semantics framework, this suggests that language comprehension is 

mediated by tacit reenactments of the sensorimotor experiences evoked by the verbal 

material at hand (Gallese and Cuccio, 2018; Gallese and Sinigaglia, 2011; Pulvermüller, 

2013a,b, 2018).

Importantly, significant information exchange across such motor-related electrodes was 

specific to AT processing, as the L1-NT was typified by increased connectivity over left and 

right frontal and temporal electrodes (rather than those more typically associated with 

motoric processes). This selective pattern of motor grounding for the AT mirrors previous 

results based on the same naturalistic texts in L1 users. Indeed, motor dysfunction (García et 

al., 2018) and sustained bodily training (Trevisan et al., 2017) have been shown to 

respectively impair and boost comprehension of actions in L1-ATs without comparable 

effects in fully matched NTs. Accordingly, the pattern of enhanced connectivity observed 

here for the AT relative to the NT seems to specifically reflect motor grounding effects 

rather than unspecific markers of text reading at large.
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Also, our exploratory source estimation analysis revealed differential modulations between 

the AT and the NT in left motor regions, with no such effects in right motor and bilateral 

temporal regions. This result aligns with abundant neuroimaging evidence showing 

predominant left-sided motor-region activations for action-verb processing (Boulenger et al., 

2012; Mollo et al., 2016; Shtyrov et al., 2014; Willems et al., 2010), often accompanied by 

null (Berlingeri et al., 2008; Liljestrom et al., 2008; Raposo et al., 2009; Ruschemeyer et al., 

2007) or non-primary (García et al., 2019) participation of temporal regions –but see Bedny 

et al. (2008) and Tyler et al. (2003). Taken together, these results further attest to the 

embodied nature of the connectivity results described above.

Of note, these findings constitute novel evidence of distinct non-linear information sharing 
between motor mechanisms during action-language processing. In this sense, the use of 

functional connectivity metrics for embodied language research (Abrevaya et al., 2017; 

García et al., 2016; Melloni et al., 2015) allows complementing classical single evoked-

response approaches with much-needed insights on relevant cross-regional patterns (Mišić 

and Sporns, 2016). More particularly, it would seem that diverse motor mechanisms operate 

in dynamic coordination rather than in isolation to ground modality-specific meanings 

during language processing. In addition, and more crucially, they indicate that such coupling 

of embodied systems plays a critical role during unconstrained reading of naturalistic 
narratives. Importantly, this finding adds unprecedented neuroscientific support to the claim 

that motor-grounding mechanisms may be robust enough to emerge even in ecological 

scenarios (García et al., 2018; Trevisan et al., 2017).

Additional insights come from the L2 task. First, no significantly different clusters were 

observed between the L2-AT and the L2-NT when collapsing all participants. Though no 

study has evaluated wSMI connectivity in the same frequency range that we have tested, our 

result aligns with previous reports showing that other neural markers of embodiment, 

beyond functional connectivity, are attenuated in L2 relative to L1. For example, significant 

mu-rhythm modulations (a cortical marker of motor activity) during action-verb processing 

have been shown to be present in L1 but absent in L2 (Vukovic and Shtyrov, 2014), and the 

same is true of the recruitment of premotor areas as a complement to primary motor regions 

(De Grauwe et al., 2014). In line with previous studies (Chee, 2009; García, 2015b; Klein et 

al., 2006; Lucas et al., 2004; Ojemann and Whitaker, 1978; Paradis, 1989, 2009; Ullman, 

2001), this shows that putative mechanisms underlying L1 processing are not necessarily 

shared by comparable L2 tasks across bilinguals at large.

However, and contrary to previous claims (Pavlenko, 2012), it does not follow that L2 

processing is “disembodied” across the bilingual population. Quite on the contrary, our 

results suggest that the recruitment of embodied mechanisms during L2 reading depends on 

how entrenched the language is (Kogan et al., 2020; Monaco et al., 2019). Indeed, enhanced 

motor-related connectivity during L2-AT processing was positively correlated with L2 

proficiency –a pattern that was replicated over alternative ROIs derived from motor (Yoris et 

al., 2017) and action-semantics (Vukovic and Shtyrov, 2014) tasks, and absent in control 

correlations with L2-NT connectivity. Compatibly, previous research has shown that greater 

N400 modulations for L2 action-related expressions accompanied by incongruent gestures 

emerged only in bilinguals with high (as opposed to low) L2 proficiency (Ibáñez et al., 
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2010). Moreover, effector-specific interference during action-word processing was observed 

in high-(but not in low-) proficiency bilinguals during image-verb matching (Bergen et al., 

2010) and translation equivalent recognition (Vukovic, 2013). As shown for other 

comparisons between a bilingual’s two languages (Liu and Cao, 2016) or between low- and-

high proficiency L2 users (Oh et al., 2019), this suggests that the recruitment of embodied 

systems during ecological L2 processing is related to how entrenched that language is.

In the same vein, enhanced motor-related connectivity during L2-AT processing was 

negatively correlated with age of L2 learning –a pattern that was also highly specific, as no 

significant results emerged from the control correlations. This pattern fits well with an 

extensive literature showing that age of L2 learning modulates multiple aspects of language 

processing, including semantic effects (Sabourin et al., 2014; Vilas et al., 2019). 

Nevertheless, as observed in other verbal (Consonni et al., 2013; De Carli et al., 2015; Green 

and acquisition, 2003) and non-verbal (De Carli et al., 2015) tasks, age of L2 learning may 

not be as robust as L2 proficiency in modulating neurocognitive effects. In this sense, note 

that the significant correlations based on the data-driven ROI were replicated with 

hypothesis-driven ROIs in the case of L2 proficiency, but not in the case of age of L2 

learning. Tentatively, this could suggest that sensorimotor grounding during naturalistic L2 

processing is more crucially driven by how well than by how early a language was learned. 

However, this conjecture should be directly tested in future studies.

Be that as it may, it is worth noting that connectivity results in both tasks were captured 

within the 0.5–11 Hz range. This range subsumes frequency bands implicated in general 

semantics, embodied semantics (including action language and action imagery), and motor 

planning and execution, as revealed through measures of oscillatory activity or functional 

connectivity (Babiloni et al., 2016, 2017; De Lange et al., 2008; Ewald et al., 2012; 

Hanouneh et al., 2018; Kikuchi et al., 2011; Moreno et al., 2013), including wSMI 

signatures of action-language coupling (Melloni et al., 2015). Moreover, analyses of 

functional connectivity (Elmer and Kühnis, 2016; Reiterer et al., 2005) and oscillatory 

activity (Grabner et al., 2007; Vilas et al., 2019; Vukovic and Shtyrov, 2014) within this 

frequency range have indexed differential semantic effects in L1 and L2, and even distinct 

patterns of language embodiment in such languages (Vukovic and Shtyrov, 2014). 

Therefore, our findings suggest that the same frequency range indexing relevant effects in 

word-level or otherwise atomistic paradigms is also distinctively engaged in ecological 

reading settings.

From a broader theoretical perspective, our findings underscore the importance of factoring 

in individual experience as a key determinant of language grounding mechanisms. As shown 

elsewhere, specific language embodiment phenomena (including relevant connectivity 

patterns) are driven by individuals’ athletic skills (Beilock et al., 2008; Tomasino et al., 

2012, 2013), their level of dexterity (Locatelli et al., 2012) or difficulty (Abrevaya et al., 

2017; Birba et al., 2017; García et al., 2016) in performing motor actions, and their degree of 

bodily engagement during classroom-based L2 learning (Macedonia and Klimesch, 2014). 

Of note, the latter point has been shown even with naturalistic texts. Indeed, in the “Moved 

by Reading” paradigm (Adams et al., 2018; Walker et al., 2017), children engage in 

embodied simulations by first moving computer images through physical actions that reflect 
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the meaning of sentences in a text, and later creating internal simulations of the text via 

imagery. Upon doing so, children exhibit significantly better comprehension than controls 

(Adams et al., 2018), as long as they are good at word decoding (Walker et al., 2017). In line 

with these antecedents, our research indicates that earliness of language exposure and 

attained proficiency also represent subject-level variables modulating embodied effects. 

Taken together, such evidence emphasizes the futility of theoretical positions that frame 

language processing as either entirely embodied or entirely disembodied (Pavlenko, 2012; 

Pulvermüller, 2013a,b). Instead, they support more nuanced conceptualizations according to 

which the role of grounding effects depends on each person’s linguistic and motoric 

experiences (Ahlberg et al., 2017; Gramann, 2013; Repetto et al., 2015).

Admittedly, in this sense, our assessment of individual language profiles (particularly 

including proficiency estimations) is partly undermined by the use of self-reports. Despite 

their widespread use in bilingualism research (Hulstijn, 2012), subjective measures of L2 

proficiency are susceptible to social desirability and self-image biases. Notably, however, 

they can reliably predict language ability (Marian et al., 2007), mirror reaction-time results 

in L2 tasks (Langdon et al., 2005), and even replicate scores in multilingual naming tests 

(Gollan et al., 2012). However, as shown by Tomoschuk et al. (2019), self-ratings of L2 

proficiency and objective performance may not always pattern together, particularly when 

participants prove heterogeneous in their language combinations, cultural profiles, and 

patterns of language dominance. Although our study partly circumvents these issues by 

presenting a sample made up exclusively of Spanish-English bilinguals from the same socio-

geographical setting, this does not fully rule out the biases and imprecisions mentioned 

above. Also, even though the specific questionnaire we used has been successfully employed 

to both separate and match bilingual samples based on language-experience factors (Santilli 

et al., 2018; Vilas et al., 2019), it lacks items separately tapping on each macro-skill 

(speaking, listening, reading, writing). Fortunately, these shortcomings could be bridged in 

future replications by incorporating more detailed self-report tools, such as the Language 

History Questionnaire (Li et al., 2006; Li et al., 2014; Li et al., 2019), ideally in tandem with 

objective proficiency measures –for a review, see Hulstijn (2012).

Finally, above and beyond these reservations, the importance of detecting embodiment 

effects in an unconstrained text reading task cannot be overemphasized. So far, all 

neurophysiological embodied research on bilinguals has relied on isolated, randomly 

sequenced words or sentences (Bergen et al., 2010; Buccino et al., 2017; De Grauwe et al., 

2014; Ibáñez et al., 2010; Vukovic, 2013; Vukovic and Shtyrov, 2014; Xue et al., 2015). 

Though variously informative, such findings cannot be a priori assumed to hold during 

comprehension of context-rich, coherent and cohesive texts, given that contextual 

information modulates action-word processing (García and Ibáñez, 2016b; Van Dam et al., 

2010) and variously affects linguistic performance by favoring maintenance of relevant 

information (Ledoux et al., 2006). Here, the presence of embodied effects spread over the 

reading of entire narratives, rather than simply locked to individual items within them (e.g., 

Desai et al., 2016), suggests that language-induced action simulations are robust enough to 

cut across the manifold textual richness characterizing naturalistic discourse. More 

particularly, their emergence in unconstrained reading settings indicates that such 

phenomena are not confined to the artificial processing conditions of laboratory settings, 
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attesting to the potential translational relevance of the embodied framework at large (García 

et al., 2018; Trevisan et al., 2017).

5. Limitations and avenues for further research

A number of limitations can be identified in the present study, paving the way for future 

investigation. First, despite reaching high statistical power and surpassing the Ns of several 

relevant studies (De Grauwe et al., 2014; Trevisan et al., 2017; Vukovic and Shtyrov, 2014), 

our sample size was modest, inviting replications with larger groups. Second, though 

validated (Trevisan and García, 2019) and objectively sensitive to embodied effects (García 

et al., 2018; Trevisan et al., 2017), the texts used in both tasks were relatively short and easy. 

It would thus be interesting to conduct further research incorporating longer and more varied 

texts. Third, given the idiosyncratic differences between Spanish and English (and hence, 

between the texts employed for each language), we were not able to directly compare neural 

signatures of L1 and L2. In this sense, new applications of the protocol detailed in Trevisan 

and García (2019) should aim to construct text pairs that are comparable both within and 

between languages, thus allow for direct inter-linguistic comparisons. Fourth, though the L1-

NT and L2-NT were statistically comparable in their number of non-action verbs, such 

figures were not identical. Granted, both NTs have proven to be impervious to motor-

resonance effects in their corresponding languages, as shown by evidence of intact non-

action verb comprehension in Spanish following motor-network damage (García et al., 

2018) and null effects of ecological bodily training on English non-action verb 

comprehension (Trevisan et al., 2017). However, future implementations of the present text-

construction protocol for bilingualism research should strive to further improve the 

comparability of this variable between NTs in each language. Fifth, despite its clear 

advantages, the connectivity metric we employed presents objective drawbacks. In 

particular, wSMI does not allow analyzing isolated frequency ranges and it may lead to 

partial information loss by favoring relative over absolute differences between data points 

(Lee et al., 2015), thus partly reducing sensitivity to certain connectivity patterns (Casali et 

al., 2013; Gourévitch and Eggermont, 2007). In this sense, future studies may seek to 

reproduce these results using a different connectivity method. Finally, despite responding to 

a strategic methodological decision, the unconstrained reading task generates a bulk of 

known shortcomings in EEG recordings, mainly due to ocular/motor artifacts reflecting 

uncontrolled fixation and regression patterns during reading (Picton et al., 2000). Future 

research should aim to replicate this study with simultaneous eye-tracking recordings, in 

order to better estimate the role of reading-specific patterns across subjects. In this sense, 

incorporation of automatic artifact rejection methods could also be a valuable strategy to 

pursue so as to reduce preprocessing time and minimize the room for human errors.

6. Conclusion

In conclusion, our results indicate that embodied semantic systems play a critical role during 

unconstrained reading of naturalistic narratives in L1, and that the recruitment of such 

systems in L2 is associated with how well and how early that language was learned. Taken 

together, these findings address recent calls to test the ecological validity of motor-resonance 

effects while offering new insights on their relation with experiential variables. More 
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generally, further efforts along these lines could strengthen the empirical integration of 

embodied and situated frameworks in cognitive science.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work is partially supported by grants from CONICET; CONICYT/FONDECYT Regular (1170010); 
FONCYT-PICT 2017-1818; FONCYT-PICT 2017-1820; FONCYT-PICT 2015-0983; FONDAP 15150012; 
Programa Interdisciplinario de Investigación Experimental en Comunicación y Cognición (PIIECC), Facultad de 
Humanidades, USACH; MINECO (PSI2015-66277-R), the European Regional Development Funds; GBHI ALZ 
UK-20-639295; and NIH NIA R01 AG057234.The countries are as follows: CONICET, Argentina; CONICYT/
FONDECYT, Chile; FONCYT-PICT, Argentina; FONDAP, Chile; Programa Interdisciplinario de Investigación 
Experimental en Comunicación y Cognición (PIIECC), Chile; MINECO, Spain;European Regional Development 
Funds, European Union; Global Brain Health Institute (GBHI), United Sates; NIH, United Sates.

References

Abrevaya S, Sedeño L, Fittipaldi S, Pineada D, Lopera F, Buriticá O, Villegas A, Bustamante C, 
Gomez D, Trujillo N, Pautassi R, Ibáñez A, García AM, 2017 The road less traveled: alternative 
pathways for action-verb processing in Parkinson’s disease. J. Alzheim. Dis 55, 1429–1435.

Abutalebi J, 2008 Neural aspects of second language representation and language control. Acta 
Psychol. (Amsterdam) 128, 466–478.

Adams AM, Glenberg AM, Restrepo MA, 2018 Moved by Reading in a Spanish-speaking, dual 
language learner population. Lang. Speech Hear. Serv. Sch 49, 582–594. [PubMed: 29800066] 

Afonso O, Suárez-Coalla P, Cuetos F, Ibáñez A, Sedeño L, García AM, 2019 The embodied penman: 
effector-specific motor-language integration during handwriting, 43, e12767.

Ahlberg DK, Bischoff H, Kaup B, Bryant D, Strozyk JV, 2017 Grounded cognition: comparing 
language × space interactions in first language and second language. Appl. Psycholinguist 39, 437–
459.

Aravena P, Hurtado E, Riveros R, Cardona JF, Manes F, Ibáñez A, 2010 Applauding with closed 
hands: neural signature of action-sentence compatibility effects. PloS One 5, e11751. [PubMed: 
20676367] 

Aziz-Zadeh L, Wilson SM, Rizzolatti G, Iacoboni M, 2006 Congruent embodied representations for 
visually presented actions and linguistic phrases describing actions. Curr. Biol 16, 1818–1823. 
[PubMed: 16979559] 

Babiloni C, Del Percio C, Lopez S, Di Gennaro G, Quarato PP, Pavone L, Morace R, Soricelli A, Noce 
G, Esposito VJ, 2017 Frontal functional connectivity of electrocorticographic delta and theta 
rhythms during action execution versus action observation in humans. Front. Behav. Neurosci 11, 
20. [PubMed: 28223926] 

Babiloni C, Del Percio C, Vecchio F, Sebastiano F, Di Gennaro G, Quarato PP, Morace R, Pavone L, 
Soricelli A, Noce G, 2016 Alpha, beta and gamma electrocorticographic rhythms in somatosensory, 
motor, premotor and prefrontal cortical areas differ in movement execution and observation in 
humans. Clin. Neurophysiol 127, 641–654. [PubMed: 26038115] 

Barrio-Cantalejo IM, Simón-Lorda P, Melguizo M, Escalona I, Marijuán MI, Hernando P, 2008 
Validación de la Escala INFLESZ para evaluar la legibilidad de los textos dirigidos a pacientes. 
An. del Sist. Sanit. Navar 135–152.

Bedny M, Caramazza A, Grossman E, Pascual-Leone A, Saxe R, 2008 Concepts are more than 
percepts: the case of action verbs. J. Neurosci 28, 11347–11353. [PubMed: 18971476] 

Beilock SL, Lyons IM, Mattarella-Micke A, Nusbaum HC, Small SL, 2008 Sports experience changes 
the neural processing of action language. Proc. Natl. Acad. Sci. U.S.A 105, 13269–13273. 
[PubMed: 18765806] 

Birba et al. Page 16

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bergen B, Lau TT, Narayan S, Stojanovic D, Wheeler K, 2010 Body part representations in verbal 
semantics. Mem. Cognit 38, 969–981.

Berlingeri M, Crepaldi D, Roberti R, Scialfa G, Luzzatti C, Paulesu E, 2008 Nouns and verbs in the 
brain: grammatical class and task specific effects as revealed by fMRI. Cogn. Neuropsychol 25, 
528–558. [PubMed: 19086201] 

Birba A, García-Cordero I, Kozono G, Legaz A, Ibáñez A, Sedeno L, García AM, 2017 Losing 
ground: frontostriatal atrophy disrupts language embodiment in Parkinson’s and Huntington’s 
disease. Neurosci. Biobehav. Rev 80, 673–687. [PubMed: 28780312] 

Boulenger V, Shtyrov Y, Pulvermüller F, 2012 When do you grasp the idea? MEG evidence for 
instantaneous idiom understanding. Neuroimage 59, 3502–3513. [PubMed: 22100772] 

Buccino G, Marino BF, Bulgarelli C, Mezzadri M, 2017 Fluent speakers of a second language process 
graspable nouns expressed in L2 like in their native language. Front. Psychol 8, 1306. [PubMed: 
28824491] 

Bylund E, Abrahamsson N, Hyltenstam K, Norrman G, 2019 Revisiting the bilingual lexical deficit: 
the impact of age of acquisition. Cognition 182, 45–49. [PubMed: 30216899] 

Canseco-Gonzalez E, Brehm L, Brick CA, Brown-Schmidt S, Fischer K, Wagner K, 2010 Carpet or 
Cárcel: the effect of age of acquisition and language mode on bilingual lexical access. Lang. 
Cognit. Process 25, 669–705.

Casali AG, Gosseries O, Rosanova M, Boly M, Sarasso S, Casali KR, Casarotto S, Bruno M-A, 
Laureys S, Tononi G, Massimini M, 2013 A theoretically based index of consciousness 
independent of sensory processing and behavior. Sci. Transl. Med 5, 198ra105–198ra105.

Chee MW, 2009 fMR-adaptation and the bilingual brain. Brain Lang 109, 75–79. [PubMed: 18635254] 

Consonni M, Cafiero R, Marin D, Tettamanti M, Iadanza A, Fabbro F, Perani DJC, 2013 Neural 
convergence for language comprehension and grammatical class production in highly proficient 
bilinguals is independent of age of acquisition. Cortex 49, 1252–1258. [PubMed: 22622435] 

Courellis HS, Iversen JR, Poizner H, Cauwenberghs G, 2016 EEG channel interpolation using 
ellipsoid geodesic length. In: 2016 IEEE Biomedical Circuits and Systems Conference (BioCAS) 
IEEE, pp. 540–543.

Davis CJ, Perea MJ, 2005 BuscaPalabras: a program for deriving orthographic and phonological 
neighborhood statistics and other psycholinguistic indices in Spanish. Behav. Res. Methods 37, 
665–671. [PubMed: 16629300] 

Davis CJ, 2005 N-Watch: a program for deriving neighborhood size and other psycholinguistic 
statistics. Behav. Res. Methods 37, 65–70. [PubMed: 16097345] 

De Carli F, Dessi B, Mariani M, Girtler N, Greco A, Rodriguez G, Salmon L, Morelli MJ, 2015 
Language use affects proficiency in Italian-Spanish bilinguals irrespective of age of second 
language acquisition. Cognition 18, 324–339.

De Grauwe S, Willems RM, Rueschemeyer SA, Lemhofer K, Schriefers H, 2014 Embodied language 
in first- and second-language speakers: neural correlates of processing motor verbs. 
Neuropsychologia 56, 334–349. [PubMed: 24524912] 

De Lange FP, Spronk M, Willems RM, Toni I, Bekkering H, 2008 Complementary systems for 
understanding action intentions. Curr. Biol 18, 454–457. [PubMed: 18356050] 

Delorme A, Makeig S, 2004 EEGLAB: an open source toolbox for analysis of single-trial EEG 
dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. [PubMed: 
15102499] 

Desai RH, Choi W, Lai VT, Henderson JM, 2016 Toward semantics in the wild: activation to 
manipulable nouns in naturalistic reading. J. Neurosci 36, 4050–4055. [PubMed: 27053211] 

Dijkstra T, van Heuven WJB, 2002 The architecture of the bilingual word recognition system: from 
identification to decision. Biling. Lang. Cognit 5, 175–197.

Dijkstra TON, Wahl A, Buytenhuijs F, Van Halem N, Al-Jibouri Z, De Korte M, RekkÉ S, 2018 
Multilink: a computational model for bilingual word recognition and word translation. Biling. 
Lang. Cognit 1–23.

Dottori M, Hesse E, Santilli M, Vilas MG, Caro MM, Fraiman D, Sedeño L, Ibáñez A, García AM, 
2020 Task-specific signatures in the expert brain: differential correlates of translation and reading 
in professional interpreters. Neuroimage 116519. [PubMed: 31923603] 

Birba et al. Page 17

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dottori M, Sedeño L, Caro MM, Alifano F, Hesse E, Mikulan E, García AM, Ruiz-Tagle A, Lillo P, 
Slachevsky A, 2017 Towards affordable biomarkers of frontotemporal dementia: a classification 
study via network’s information sharing. Sci. Rep 7, 3822. [PubMed: 28630492] 

Dudschig C, de la Vega I, Kaup B, 2014 Embodiment and second-language: automatic activation of 
motor responses during processing spatially associated L2 words and emotion L2 words in a 
vertical Stroop paradigm. Brain Lang 132, 14–21. [PubMed: 24681402] 

Edelman BJ, Baxter B, He BJ, 2015 EEG source imaging enhances the decoding of complex right-
hand motor imagery tasks. IEEE Trans. Biomed. Eng 63, 4–14. [PubMed: 26276986] 

Elmer S, Kühnis JF, 2016 Functional connectivity in the left dorsal stream facilitates simultaneous 
language translation: an EEG study. Front. Hum. Neurosci 10, 60. [PubMed: 26924976] 

Ewald A, Aristei S, Nolte G, Rahman RA, 2012 Brain oscillations and functional connectivity during 
overt language production. Front. Psychol 3, 166. [PubMed: 22701106] 

Ewen JB, Lakshmanan BM, Pillai AS, McAuliffe D, Nettles C, Hallett M, Crone NE, Mostofsky SH, 
2016 Decreased modulation of EEG oscillations in high-functioning autism during a motor control 
task. Front. Hum. Neurosci 10, 198. [PubMed: 27199719] 

Foroni F, 2015 Do we embody second language? Evidence for ‘partial’ simulation during processing 
of a second language. Brain Cognit 99, 8–16. [PubMed: 26188846] 

Gallese V, Cuccio V, 2018 The neural exploitation hypothesis and its implications for an embodied 
approach to language and cognition: insights from the study of action verbs processing and motor 
disorders in Parkinson’s disease. Cortex 100, 215–225. [PubMed: 29455947] 

Gallese V, Sinigaglia C, 2011 What is so special about embodied simulation? Trends Cognit. Sci 15, 
512–519. [PubMed: 21983148] 

García-Cordero I, Esteves S, Mikulan EP, Hesse E, Baglivo FH, Silva W, García M.d.C., Vaucheret E, 
Ciraolo C, García AM, 2017 Attention, in and out: scalp-level and intracranial EEG correlates of 
interoception and exteroception. Front. Neurosci 11, 411. [PubMed: 28769749] 

García-Cordero I, Sedeño L, De La Fuente L, Slachevsky A, Forno G, Klein F, Lillo P, Ferrari J, 
Rodriguez C, Bustin J, 2016 Feeling, learning from and being aware of inner states: interoceptive 
dimensions in neurodegeneration and stroke. Phil. Trans. Biol. Sci 371, 20160006.

García AM, 2015a Psycholinguistic explorations of lexical translation equivalents: thirty years of 
research and their implications for cognitive translatology. Translat. Spaces 4, 9–28.

García AM, 2015b Translating with an injured brain: neurolinguistic aspects of translation as revealed 
by bilinguals with cerebral lesions. Meta: Transl. J 60, 112–134.

García AM, 2019 Data from “Naturalistic texts and embodiment in bilinguals”. Open Science 
Framework https://osf.io/rxqhu/?view_onlya9443b4565a7425c89ced1083709b722.

García AM, Abrevaya S, Kozono G, Cordero IG, Córdoba M, Kauffman MA, Pautassi R, Muñoz E, 
Sedeño L, Ibáñez A, 2016 The cerebellum and embodied semantics: evidence from a case of 
genetic ataxia due to STUB1 mutations. J. Med. Genet 54, 114–124. [PubMed: 27811304] 

García AM, Bocanegra Y, Herrera E, Moreno L, Carmona J, Baena A, Lopera F, Pineda D, Melloni M, 
Legaz A, Munoz E, Sedeno L, Baez S, Ibáñez A, 2018 Parkinson’s disease compromises the 
appraisal of action meanings evoked by naturalistic texts. Cortex 100, 111–126. [PubMed: 
28764852] 

García AM, Ibáñez A, Huepe D, Houck A, Michon M, Gelormini Lezama C, Chadha S, Rivera-Rei Á, 
2014 Word reading and translation in bilinguals: the impact of formal and informal translation 
expertise. Front. Psychol 5.

García AM, Ibáñez A, 2016a Hands typing what hands do: action-semantic integration dynamics 
throughout written verb production. Cognition 149, 56–66. [PubMed: 26803393] 

García AM, Ibáñez A, 2016b A touch with words: dynamic synergies between manual actions and 
language. Neurosci. Biobehav. Rev 68, 59–95. [PubMed: 27189784] 

García AM, Moguilner S, Torquati K, García-Marco E, Herrera E, Muñoz E, Castillo EM, Kleineschay 
T, Sedeño L, Ibáñez A, 2019 How meaning unfolds in neural time: embodied reactivations can 
precede multimodal semantic effects during language processing. Neuroimage 197, 439–449. 
[PubMed: 31059796] 

Birba et al. Page 18

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://osf.io/rxqhu/?view_onlya9443b4565a7425c89ced1083709b722


Gollan TH, Weissberger GH, Runnqvist E, Montoya RI, Cera CM, 2012 Self-ratings of spoken 
language dominance: a multi-lingual naming test (MINT) and preliminary norms for young and 
aging Spanish-English bilinguals. Bilingualism 15, 594–615. [PubMed: 25364296] 

Gourévitch B, Eggermont JJ, 2007 Evaluating information transfer between auditory cortical neurons. 
J. Neurophysiol 97, 2533–2543. [PubMed: 17202243] 

Grabner RH, Brunner C, Leeb R, Neuper C, Pfurtscheller G, 2007 Event-related EEG theta and alpha 
band oscillatory responses during language translation. Brain Res. Bull 72, 57–65. [PubMed: 
17303508] 

Gramann K, 2013 Embodiment of spatial reference frames and individual differences in reference 
frame proclivity. Spatial Cognit. Comput 13, 1–25.

Gramfort A, Papadopoulo T, Olivi E, Clerc M, 2010 OpenMEEG: opensource software for quasistatic 
bioelectromagnetics. Biomed. Eng. Online 9, 45. [PubMed: 20819204] 

Green D, 2004 The neurocognition of recovery patterns in bilingual aphasics In: Kroll JF, De Groot 
AMB (Eds.), Handbook of Bilingualism: Psycholinguistic Approaches Oxford University Press, 
New York.

Green D, 2003 The neural basis of the lexicon and the grammar in L2 acquisition In: van Hout R, Hulk 
A, Kuiken F, Towell RJ (Eds.), The Lexicon-Syntax Interface in Second Language Acquisition 
John Benjamins, Amsterdam, pp. 197–208.

Guasch M, Sánchez-Casas R, Ferré P, García-Albea JE, 2008 Translation performance of beginning, 
intermediate and proficient Spanish-Catalan bilinguals: effects of form and semantic relations. 
Ment. Lexicon 3, 289–308.

Halliday MAK, Matthiessen C, 2014 An Introduction to Functional Grammar Routledge, London.

Hanouneh S, Amin HU, Saad NM, Malik AS, 2018 EEG power and functional connectivity correlates 
with semantic long-term memory retrieval. IEEE Access 6, 8695–8703.

Hasson U, Egidi G, Marelli M, Willems RM, 2018 Grounding the neurobiology of language in first 
principles: the necessity of non-language-centric explanations for language comprehension. 
Cognition 180, 135–157. [PubMed: 30053570] 

Hauk O, Johnsrude I, Pulvermüller F, 2004 Somatotopic representation of action words in human 
motor and premotor cortex. Neuron 41, 301–307. [PubMed: 14741110] 

Hesse E, Mikulan E, Decety J, Sigman M, García M.d.C., Silva W, Ciraolo C, Vaucheret E, Baglivo F, 
Huepe D, 2015 Early detection of intentional harm in the human amygdala. Brain 139, 54–61. 
[PubMed: 26608745] 

Hesse E, Mikulan E, Sitt JD, del Carmen García M, Silva W, Ciraolo C, Vaucheret E, Raimondo F, 
Baglivo F, Adolfi F, 2019 Consistent gradient of performance and decoding of stimulus type and 
valence from local and network activity. Trans. Neural Syst. Rehabil. Eng 27, 619–629.

Hsu CT, Jacobs AM, Conrad M, 2015 Can Harry Potter still put a spell on us in a second language? An 
fMRI study on reading emotion-laden literature in late bilinguals. Cortex 63, 282–295. [PubMed: 
25305809] 

Hulstijn JH, 2012 The construct of language proficiency in the study of bilingualism from a cognitive 
perspective. Biling. Lang. Cognit 15, 422–433.

Ibáñez A, Cardona JF, Dos Santos YV, Blenkmann A, Aravena P, Roca M, Hurtado E, Nerguizian M, 
Amoruso L, Gómez-Arévalo G, 2013 Motor-language coupling: direct evidence from early 
Parkinson’s disease and intracranial cortical recordings. Cortex 49, 968–984. [PubMed: 22482695] 

Ibáñez A, Manes F, Escobar J, Trujillo N, Andreucci P, Hurtado E, 2010 Gesture influences the 
processing of figurative language in non-native speakers: ERP evidence. J. Neurosci. Lett 471, 48–
52.

Imperatori LS, Betta M, Cecchetti L, Canales-Johnson A, Ricciardi E, Siclari F, Pietrini P, Chennu S, 
Bernardi GJ, 2019 EEG functional connectivity metrics wPLI and wSMI account for distinct types 
of brain functional interactions. Sci. Rep 9, 8894. [PubMed: 31222021] 

Kikuchi M, Shitamichi K, Yoshimura Y, Ueno S, Remijn GB, Hirosawa T, Munesue T, Tsubokawa T, 
Haruta Y, Oi M, 2011 Lateralized theta wave connectivity and language performance in 2-to 5-
year-old children. J. Neurosci 31, 14984–14988. [PubMed: 22016531] 

Birba et al. Page 19

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



King J-R, Sitt JD, Faugeras F, Rohaut B, El Karoui I, Cohen L, Naccache L, Dehaene S, 2013 
Information sharing in the brain indexes consciousness in noncommunicative patients. Curr. Biol 
23, 1914–1919. [PubMed: 24076243] 

Klein A, Hirsch J, 2005 Mindboggle: a scatterbrained approach to automate brain labeling. 
Neuroimage 24, 261–280. [PubMed: 15627570] 

Klein D, Zatorre RJ, Chen JK, Milner B, Crane J, Belin P, Bouffard M, 2006 Bilingual brain 
organization: a functional magnetic resonance adaptation study. Neuroimage 31, 366–375. 
[PubMed: 16460968] 

Kogan B, Muñoz E, Ibáñez A, García AM, 2020 Too late to be grounded? Motor resonance for action 
words acquired after middle childhood. Brain Cognit 138, 105509. [PubMed: 31855702] 

Kroll JF, van Hell JG, Tokowicz N, Green DW, 2010 The Revised Hierarchical Model: a critical review 
and assessment. Biling. Lang. Cognit 13, 373–381.

Langdon HW, Wiig EH, Nielsen NP, 2005 Dual-dimension naming speed and language-dominance 
ratings by bilingual hispanic adults. Biling. Res. J 29, 319–336.

Ledoux K, Camblin CC, Swaab TY, Gordon PC, 2006 Reading words in discourse: the modulation of 
lexical priming effects by message-level context. Behav. Cognit. Neurosci. Rev 5, 107–127. 
[PubMed: 16891554] 

Lee U, Blain-Moraes S, Mashour GA, 2015 Assessing levels of consciousness with symbolic analysis. 
Phil. Trans. Math. Phys. Eng. Sci 373, 20140117.

Li P, Sepanski S, Zhao X, 2006 Language history questionnaire: a Web-based interface for bilingual 
research. Behav. Res. Methods 38, 202–210. [PubMed: 16956095] 

Li P, Zhang F, Tsai E, Puls B, 2014 Language history questionnaire (LHQ 2.0): a new dynamic web-
based research tool. Biling. Lang. Cognit 17, 673–680.

Li P, Zhang F, Yu A, Zhao X, 2019 Language History Questionnaire (LHQ3): an enhanced tool for 
assessing multilingual experience. Biling. Lang. Cognit 1–7.

Liljestrom M, Tarkiainen A, Parviainen T, Kujala J, Numminen J, Hiltunen J, Laine M, Salmelin R, 
2008 Perceiving and naming actions and objects. Neuroimage 41, 1132–1141. [PubMed: 
18456517] 

Liu H, Cao F, 2016 L1 and L2 processing in the bilingual brain: a meta-analysis of neuroimaging 
studies. Brain Lang 159, 60–73. [PubMed: 27295606] 

Locatelli M, Gatti R, Tettamanti M, 2012 Training of manual actions improves language understanding 
of semantically related action sentences. Front. Psychol 3, 547. [PubMed: 23233846] 

López-Larraz E, Montesano L, Gil-Agudo Á, Minguez J, Oliviero A, 2015 Evolution of EEG motor 
rhythms after spinal cord injury: a longitudinal study. PloS One 10, e0131759. [PubMed: 
26177457] 

Lucas TH 2nd, McKhann GM 2nd, Ojemann GA, 2004 Functional separation of languages in the 
bilingual brain: a comparison of electrical stimulation language mapping in 25 bilingual patients 
and 117 monolingual control patients. J. Neurosurg 101, 449–457. [PubMed: 15352603] 

Macedonia M, Klimesch W, 2014 Long-term effects of gestures on memory for foreign language 
words trained in the classroom. Mind, Brain Educ 8, 74–88.

Marian V, Blumenfeld HK, Kaushanskaya M, 2007 the Language experience and proficiency 
questionnaire (LEAP-Q): assessing language profiles in bilinguals and multilinguals. J. Speech 
Lang. Hear. Res 50 (4), 940–967. [PubMed: 17675598] 

Marino BF, Sirianni M, Volta RD, Magliocco F, Silipo F, Quattrone A, Buccino G, 2014 Viewing 
photos and reading nouns of natural graspable objects similarly modulate motor responses. Front. 
Hum. Neurosci 8, 968. [PubMed: 25538596] 

Maris E, Oostenveld R, 2007 Nonparametric statistical testing of EEG-and MEG-data. J. Neurosci. 
Methods 164, 177–190. [PubMed: 17517438] 

Melloni M, Sedeño L, Hesse E, García-Cordero I, Mikulan E, Plastino A, Marcotti A, López JD, 
Bustamante C, Lopera F, 2015 Cortical dynamics and subcortical signatures of motor-language 
coupling in Parkinson’s disease. Sci. Rep 5, 11899. [PubMed: 26152329] 

Mišić B, Sporns OJ, 2016 From regions to connections and networks: new bridges between brain and 
behavior. Curr. Opin. Neurobiol 40, 1–7. [PubMed: 27209150] 

Birba et al. Page 20

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mollo G, Pulvermüller F, Hauk O, 2016 Movement priming of EEG/MEG brain responses for action-
words characterizes the link between language and action. Cortex 74, 262–276. [PubMed: 
26706997] 

Monaco E, Jost LB, Gygax PM, Annoni J-M, 2019 Embodied semantics in a second language: critical 
review and clinical implications. Front. Hum. Neurosci 13.

Moreno I, De Vega M, León I, Bastiaansen M, Lewis AG, Magyari L, 2015 Brain dynamics in the 
comprehension of action-related language. A time-frequency analysis of mu rhythms. Neuroimage 
109, 50–62. [PubMed: 25583610] 

Moreno I, De Vega M, León I, 2013 Understanding action language modulates oscillatory mu and beta 
rhythms in the same way as observing actions. Brain Cognit 82, 236–242. [PubMed: 23711935] 

Neuper C, Scherer R, Reiner M, Pfurtscheller GJ, 2005 Imagery of motor actions: differential effects 
of kinesthetic and visual–motor mode of imagery in single-trial EEG. Cognit. Brain Res 25, 668–
677.

Oh TM, Graham S, Ng P, Yeh BI, Chan BP, Edwards AM, 2019 Age and proficiency in the bilingual 
brain revisited: activation patterns across different L2-learner types. Front. Commun 4, 39.

Ojemann GA, Whitaker HA, 1978 The bilingual brain. Arch. Neurol 35, 409–412. [PubMed: 666591] 

Paradis M, 1989 Bilingual and polyglot aphasia In: Boller F, Grafman J (Eds.), Handbook of 
Neuropsychology Elsevier, Amsterdam, pp. 117–140.

Paradis M, 2009 Declarative and Procedural Determinants of Second Languages John Benjamins, 
Amsterdam.

Pascual-Marqui RD, 2002 Standardized low-resolution brain electromagnetic tomography 
(sLORETA): technical details. J. Methods Find. Exp. Clin.Pharmacol 24, 5–12.

Pavlenko A, 2012 Affective processing in bilingual speakers: disembodied cognition? Int. J. Psychol 
47, 405–428. [PubMed: 23163422] 

Pfurtscheller G, Brunner C, Schlögl A, Da Silva F, 2006 Mu rhythm (de) synchronization and EEG 
single-trial classification of different motor imagery tasks. Neuroimage 31, 153–159. [PubMed: 
16443377] 

Pfurtscheller G, Neuper C, 1997 Motor imagery activates primary sensorimotor area in humans. 
Neurosci. Lett 239, 65–68. [PubMed: 9469657] 

Picton T, Bentin S, Berg P, Donchin E, Hillyard S, Johnson R, Miller G, Ritter W, Ruchkin D, Rugg 
M, 2000 Guidelines for using human event-related potentials to study cognition: recording 
standards and publication criteria. Psychophysiology 37, 127–152. [PubMed: 10731765] 

Pulvermüller F, 2013a How neurons make meaning: brain mechanisms for embodied and abstract-
symbolic semantics. Trends Cognit. Sci 17, 458–470. [PubMed: 23932069] 

Pulvermüller F, 2018 Neural reuse of action perception circuits for language, concepts and 
communication. Prog. Neurobiol 160, 1–44. [PubMed: 28734837] 

Pulvermüller F, 2013b Semantic embodiment, disembodiment or misembodiment? In search of 
meaning in modules and neuron circuits. Brain Lang 127, 86–103. [PubMed: 23932167] 

Raposo A, Moss HE, Stamatakis EA, Tyler LK, 2009 Modulation of motor and premotor cortices by 
actions, action words and action sentences. Neuropsychologia 47, 388–396. [PubMed: 18930749] 

Reiterer S, Hemmelmann C, Rappelsberger P, Berger ML, 2005 Characteristic functional networks in 
high-versus low-proficiency second language speakers detected also during native language 
processing: an explorative EEG coherence study in 6 frequency bands. Brain Res.: Cognit. Brain 
Res 25, 566–578. [PubMed: 16185851] 

Repetto C, Colombo B, Riva G, 2015 Is motor simulation involved during foreign language learning? 
A virtual reality experiment. SAGE Open 5, 2158244015609964.

Ruschemeyer SA, Brass M, Friederici AD, 2007 Comprehending prehending: neural correlates of 
processing verbs with motor stems. J. Cognit. Neurosci 19, 855–865. [PubMed: 17488209] 

Sabourin L, Brien C, Burkholder M, 2014 The effect of age of L2 acquisition on the organization of 
the bilingual lexicon: evidence from masked priming. Biling. Lang. Cognit 17, 542–555.

Santilli M, Vilas MG, Mikulan E, Martorell Caro M, Muñoz E, Sedeño L, Ibáñez A, García AM, 2018 
Bilingual memory, to the extreme: lexical processing in simultaneous interpreters. Biling. Lang. 
Cognit 1–18.

Birba et al. Page 21

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shtyrov Y, Butorina A, Nikolaeva A, Stroganova T, 2014 Automatic ultrarapid activation and 
inhibition of cortical motor systems in spoken word comprehension. Proc. Natl. Acad. Sci. U.S.A 
111, E1918–E1923. [PubMed: 24753617] 

Sunderman G, Kroll JF, 2006 First language activation during second language lexical processing: an 
investigation of lexical form, meaning, and grammatical class. Stud. Sec. Lang. Acquis 28, 387–
422.

Szigriszt Pazos F, 1993 Sistemas predictivos de legilibilidad del mensaje escrito: fórmula de 
perspicuidad Universidad Complutense de Madrid, Servicio de Publicaciones.

Tadel F, Baillet S, Mosher JC, Pantazis D, Leahy RM, 2011 Brainstorm: a user-friendly application for 
MEG/EEG analysis. Comput. Intell. Nurosci 8.

Tomasino B, Guatto E, Rumiati RI, Fabbro F, 2012 The role of volleyball expertise in motor 
simulation. Acta Psychol 139, 1–6.

Tomasino B, Maieron M, Guatto E, Fabbro F, Rumiati RI, 2013 How are the motor system activity and 
functional connectivity between the cognitive and sensorimotor systems modulated by athletic 
expertise? Brain Res 1540, 21–41. [PubMed: 24099840] 

Tomoschuk B, Ferreira VS, Gollan TH, 2019 When a seven is not a seven: self-ratings of bilingual 
language proficiency differ between and within language populations. Biling. Lang. Cognit 22, 
516–536.

Trevisan P, García AM, 2019 Systemic functional grammar as a tool for experimental stimulus design: 
new appliable horizons in psycholinguistics and neurolinguistics. Lang. Sci 75, 35–46.

Trevisan P, Sedeño L, Birba A, Ibáñez A, García AM, 2017 A moving story: whole-body motor 
training selectively improves the appraisal of action meanings in naturalistic narratives. Sci. Rep 
7, 12538. [PubMed: 28970538] 

Tyler LK, Stamatakis EA, Dick E, Bright P, Fletcher P, Moss H, 2003 Objects and their actions: 
evidence for a neurally distributed semantic system. Neuroimage 18, 542–557. [PubMed: 
12595206] 

Ullman MT, 2001 The neural basis of lexicon and grammar in first and second language: the 
declarative/procedural model. Biling. Lang. Cognit 4, 105–122.

Van Dam WO, Rueschemeyer S-A, Lindemann O, Bekkering H, 2010 Context effects in embodied 
lexical-semantic processing. Front. Psychol 1, 150. [PubMed: 21833218] 

van Ede F, Chekroud SR, Stokes MG, Nobre AC, 2019 Concurrent visual and motor selection during 
visual working memory guided action. Nat. Neurosci 22, 477–483. [PubMed: 30718904] 

Vilas MG, Santilli M, Mikulan E, Adolfi F, Caro MM, Manes F, Herrera E, Sedeño L, Ibáñez A, 
García AM, 2019 Reading Shakespearean tropes in a foreign tongue: age of L2 acquisition 
modulates neural responses to functional shifts. Neuropsychologia 124, 79–86. [PubMed: 
30664853] 

Vukovic N, 2013 When words get physical: evidence for proficiency-modulated somatotopic motor 
interference during second language comprehension. Proc. Annu. Meet. Cognit. Sci. Soc 35 
Retrieved from. https://escholarship.org/uc/item/0jb6s58t.

Vukovic N, Shtyrov Y, 2014 Cortical motor systems are involved in second-language comprehension: 
evidence from rapid mu-rhythm desynchronisation. Neuroimage 102, 695–703. [PubMed: 
25175538] 

Walker E, Adams A, Restrepo MA, Fialko S, Glenberg AM, 2017 When (and how) interacting with 
technology-enhanced storybooks helps dual language learners. Transl. Issues Psychol.Sci 3, 66.

Willems RM, Hagoort P, Casasanto D, 2010 Body-specific representations of action verbs: neural 
evidence from right- and left-Handers. Psychol. Sci 21, 67–74. [PubMed: 20424025] 

Xue J, Marmolejo-Ramos F, Pei X, 2015 The linguistic context effects on the processing of body-
object interaction words: an ERP study on second language learners. Brain Res 1613, 37–48. 
[PubMed: 25858488] 

Yoris A, García AM, Traiber L, Santamaría-García H, Martorell M, Alifano F, Kichic R, Moser JS, 
Cetkovich M, Manes F, 2017 The inner world of overactive monitoring: neural markers of 
interoception in obsessive–compulsive disorder. Psychol. Med 47, 1957–1970. [PubMed: 
28374658] 

Birba et al. Page 22

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://escholarship.org/uc/item/0jb6s58t


Zwaan RA, Taylor LJ, 2006 Seeing, acting, understanding: motor resonance in language 
comprehension. J. Exp. Psychol. Gen 135, 1. [PubMed: 16478313] 

Birba et al. Page 23

Neuroimage. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Experimental setup and significant results. A. Experimental paradigm. Participants read an 

AT and an NT in their L1 and their L2, each text being followed by three comprehension 

questions to force attentive reading. The order of the tasks (L1, L2) and of the texts within 

them (AT, NT) was counterbalanced across participants. B. Significant results for L1 task. 

The left and middle insets show the topographic wSMI patterns of the subtracted 

connectivity between AT and NT (0.5–11 Hz). Paired comparisons were performed between 

the AT and the NT (cluster-based non-parametric permutation test, p < .05). The panel 

shows enhanced connectivity patterns for the AT relative to the NT (left inset), and for the 

NT relative to the AT (middle inset). The right inset shows significant brain activation 

differences between the AT and the NT in a motor ROI (blue), together with non-significant 

differences for the same contrast in a temporal (non-motor) ROI (light blue). C. Significant 

results for L2 task. C1. Pearson’s correlation between L2 proficiency and enhanced L2-AT 
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connectivity based on a data-driven action-grounding ROI (left inset), as well as between L2 

proficiency and enhanced L2-NT connectivity based on a data-driven action-grounding ROI 

(right inset). C2. Pearson’s correlation between age of L2 learning and enhanced L2-AT 

connectivity based on a data-driven action-grounding ROI (left panel), as well as between 

age of L2 learning and enhanced L2-NT connectivity based on a data-driven action-

grounding ROI (right panel). The graphs insets display the topographic wSMI of the 

subtracted connectivity between AT and NT (0.5–11 Hz) for each data-driven ROI, masked 

with significant results from the cluster-based analysis of L1 task. The color-bars of the 

topographs show the permutation test statistic for the difference between conditions, with 

yellow indicating higher connectivity during AT processing and violet denoting higher 

connectivity during NT processing. White dots represent the cluster’s significant electrodes. 

AT: action text; NT: neutral text; L1: first language; L2: second language.
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Table 1

Linguistic features of the action and neutral texts from L1 task (Spanish).

Action text Neutral text Statistic p-value*

Characters
a 944 978 χ2 = .60 .44

Words 208 204 χ2 =.04 .84

Nouns 48 44 χ2 =.17 .68

Adjectives 7 9 χ2 = .25 .62

Adverbs 6 8 χ2 =.29 .59

Verbs 32 32 χ2 = 0 1

Action verbs 24 1 χ2 = 21.16 < .001

Non-action verbs 8 31 χ2 = 13.56 < .001

Mean content word frequency
b 1.63 1.79 t = 1.53 .13

Mean content word familiarity
b 6.15 6.24 t =.74 .46

Mean content word imageability
c 5.25 4.97 t =1.39 .17

Mean content word syllabic length
c 2.52 2.49 t =.25 .80

Mean content word orthographic length
c 6.16 6.26 t =.36 .72

Sentences 22 22 χ2 = 0 1

Minor sentences 3 3 χ2 = 0 1

Simple sentences 8 8 χ2 = 0 1

Compound sentences 4 3 χ2 = .14 .71

Complex/complex-compound sentences 7 8 χ2 =.07 .80

Coherence 4.05 3.86 t = .62 .54

Comprehensibility 4.24 4.10 t = 1.05 .30

Readability (Szigriszt-Pazos Index)
d 79.92 77.3 χ2 = .04 .83

Readability (Inflezs scale rating)
e Fairly easy Fairly easy – –

#
p-values calculated with chi-squared test. Alpha level set at .05.

*
p-values calculated with independent measures ANOVA. Alpha level set at .05.

a
Character count performed without counting spaces.

b
Psycholinguistic data extracted from the LEXESP database, through B-Pal (Davis and Perea, 2005).

c
Frequency data extracted from B-Pal (Davis and Perea, 2005).

d
Formula applied as described in (Szigriszt Pazos, 1993).

e
Formula applied as described in (Barrio-Cantalejo et al., 2008).
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Table 2

Linguistic features of the action and neutral texts from L2 task (English).

Action text Neutral text Statistic p-value

Characters
a 696 743 χ2 = 1.53 .215

#

Words 167 169 χ2 = 0.01 .913
#

Nouns 33 25 χ2 = 1.10 .293
#

Adjectives 6 14 χ2 = 3.20 .073
#

Adverbs 6 16 χ2 = 4.54 .3
#

Verbs 32 32 χ2 = 0 .999
#

Action verbs 25 9 χ2 = 5.44 .020
#

Non-action verbs 7 23 χ2 = 7 .008
#

Mean content word frequency
b,c 802.05 974.6 t = 0.71 .474*

Mean content word familiarity
b,d 593.2 582.4 t = 1.63 .104*

Mean content word imageability
b,e 442.8 394.9 t = 1.98 .07*

Mean content word syllabic length
b 1.3 1.5 t = 1.60 .111*

Mean content word orthographic length
b 4.8 5.1 t = 1.98 .324*

Sentences 17 17 χ2 = 0 .999
#

Minor sentences 0 0 χ2 = 0 .999
#

Compound sentences 3 3 χ2 =.0 .999
#

Complex/complex-compound sentences 7 6 χ2 =.07 .80

Comprehensibility 3.9 3.6 t = 0.684 .502*

Coherence 3.7 3.6 t = 0.186 .855*

Readability (PSKF)
f

4.4 4.55 4.22 –

Readability (SRI)
g 3 2.8 3.5 –

#
p-values calculated with chi-squared test. Alpha level set at .05.

*
p-values calculated with independent measures ANOVA. Alpha level set at .05.

a
Character count performed without counting spaces.

b
Psycholinguistic data extracted from N-Watch (Davis, 2005), based on lemma counts.

c
Frequency data extracted from the CELEX written database, through N-Watch (Davis, 2005).

d
Familiarity data extracted from the MRC database, through N-Watch (Davis, 2005).

e
Imageability data extracted from the Bristol/MRC database, through N-Watch (Davis, 2005).

f
Calculated through the Powers-Sumner-Kearl Formula (PSKF).

g
Calculated through the Spache Readability Index (SRI) revised.
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