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Abstract: Background/Objectives: Although the embodiment of action-related language is well-
established in the mother tongue (L1), less is known about the embodiment of a second language (L2)
acquired later in life through formal instruction. We used the high temporal resolution of ERPs and
topographic ERP analyses to compare embodiment in L1 and L2 and to investigate whether L1 and L2
are embodied with different strengths at different stages of linguistic processing. Methods: Subjects
were presented with action-related and non-action-related verbs in a silent reading task. Subjects
were late French–German and German–French bilinguals, respectively, and we could therefore
collapse across languages to avoid common confounding between language (French and German)
and order of acquisition (L1, L2). Results: We could show distinct effects of embodiment and language.
Embodiment affected only the sensory and lexical stages of processing with increased strength and
power of the N1 component for motor vs. non-motor verbs, and language affected the lexical and
semantic stages of processing with stronger P2/N400 components for L2 than for L1. Non-motor
verbs elicited a stronger P1 component in L2. Conclusions: Our results suggest that processing words
in L2 requires more effortful processing. Importantly, L1 and L2 are not embodied differently, and
embodiment affects early and similar stages of processing in L1 and L2, possibly integrating other
process of action–language interaction

Keywords: language; embodied semantics; brain; ERP; bilingualism

1. Introduction

Semantic processing encompasses our conceptual knowledge of the world—the mean-
ing of words, objects, and factual knowledge. It is central to human cognition and lies
at the interface between language, memory, and perception. Former traditional models
of semantic memory have considered semantic concepts to be represented amodally in
a “mental lexicon” [1], which consists of multiple layers of representation, much like a
real lexicon. In subsequent word production, for example, the word form representation
represents the physical, i.e., phonological and orthographic features of a word, and the
lemma level represents the grammatical feature level. The biggest caveat of the mental
lexicon is the problem of recursion, namely, how to refer to a word by referring to other
words (the symbol grounding problem) [2]. A solution to this problem is provided by
theories of embodied cognition that consider semantic concepts not as abstract notions but
as a result of the interaction between the body and the environment.

The term “embodiment” refers to the grounding of cognition in systems involved in
low-level perceptual and action information processing. According to the experimental
evidence of Pulvermüller, Hauk, Tettamanti, and others, embodied theories of cognition
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claim that higher cognitive processing, including language, activates the same brain sensori-
motor structures involved when experiencing the environment [3–6]. One of the precursors
of embodiment theories comes from neurophysiological investigations of noun and verb
processing, which provide distinct cortical topographies as biological counterparts of
words (e.g., matched nouns and verbs) as early as 200 ms after word presentations [7].
Subsequently, Hauk et al., using event-related fMRI, showed that action words referring
to face, arm, or leg actions (such as lick, pick, or kick), presented in a passive reading
task, differentially activated areas along the motor strip that either were directly adja-
cent to or overlapped with areas activated by actual movement of the tongue, fingers, or
feet [5]. Such biologically grounded cognitive theories have led to the development of
brain-constrained neural models [8]. In this approach, the sensory–motor system has been
shown to be involved in the execution and comprehension of actions, and there is ample
evidence that the sensory–motor system is crucially involved in language comprehension
and production [4,9]: action verbs recruit somatosensory and motor cortex in a roughly
somatotopic fashion through Hebbian learning [3,10–12]. Most fMRI studies on action
language actually found activation in the motor and premotor cortices in accordance with
the effector to which the stimuli refer to. One of the first functional Magnetic Resonance
studies in this respect conducted by Hauk et al. showed how action verbs referring to
the face, arm, or leg (e.g., to lick, pick, or kick) presented during a passive reading task
activated the same areas appointed to the execution of the actions with the face, arm, and
leg respectively. Tettamanti et al. found a similar result with sentences involving actions
during a listening task. Boulenger et al. confirmed such mechanisms by comparing idioms
and literal sentences, including arm- and leg-related action words [3,5,13].

There are thus a number of findings showing that the motor system is involved in
language comprehension and that language is at least partially embodied. This is sup-
ported by vast anatomical and functional connections linking the motor system with
language-related regions in the left inferior frontal (“Broca’s area”) and superior tempo-
ral (“Wernicke’s area”) [14,15] areas. It remains a matter of debate whether embodiment
affects earlier (sensory and lexical) and/or later (semantic) stages of language process-
ing, particularly concerning word recognition, which is the most used paradigm in the
embodiment literature.

The electro-cortical time course of word recognition has shown several components
linked with stages of word recognition, which have been classified as early and late
components. As it will be outlined here, P1, N1 and P2 (or P200) are considered as
early, “pre-semantic”, components, while N400 is considered a late component, a hallmark
of semantic processing.

1. Early ERP components (from 50 ms up to ~150–200 ms after stimulus onset) are con-
sidered to reflect sensory and perceptual processes and vary with physical stimulus
properties. In the case of word recognition and reading, the early components reflect
the visual analysis (P1, generally occurring 100ms after stimulus presentation). The
amplitude of the P1 component is particularly modulated by physical characteristics
of words, such as font size, contrast, and their interaction, but also sometimes to emo-
tional content [16]. Then, the contextual automatic language process, such as the early
stages of visual word recognition and lexical processing, is reflected in the negative
going potential component (N1, peaking at around 170 ms), [17]. This Time Window
is particularly sensitive to letter and word recognition [16]. In particular, N1 peaked
earlier to letters tather than pseudo letters according to [16], and such a component is
also sensitive to attentional charge. In addition, while the N1 component is generally
linked to early sensory and prelexical processing, it has also been associated with early
lexical activation [18,19]. Different studies indicate that the N1 comprises multiple
subcomponents [20], with its later phase showing sensitivity to lexical processing [17].
According to Eberhard-Moscicka, adult speakers of English as a foreign language
exhibited print tuning in the early N1 and lexicality effects in the late N1, indicating
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that sensitivity to print and lexicality unfolds differently throughout the N1 segment
in adults [17].

An intermediate electric activity, starting with a P200, a positive going potential
component, has been related to orthographic and phonological pre-lexical processing well
as to lexical access [15].

2. The later ERPs (after ~200–250 ms post-stimulus) are insensitive to physical varia-
tions of the stimulus and vary with respect to cognitive processes [21,22]. Notably,
the N400, with a centro-parietal scalp distribution, reflects semantic judgment and
integration during processing of the presented words, where amplitude increases
negatively following semantic anomalies [23–26]. Originally, this event-related po-
tential (ERP) was seen as a signature of semantic incongruity, but, since then, other
types of semantic tasks (e.g., semantic contextual integration, processing of single
words out of context, tasks involving a concreteness effect) have shown the same
robust signature [22,27]. For these reasons, N400 is considered a hallmark of semantic
processing. Bilingual subjects do recognize L2 words more slowly compared to L1,
and the neurophysiological correlates of this target language difference are generally
detected in the early rather than the late stage [28,29].

Physiological measures with high temporal resolution, such as electro-(EEG) and
magnetoencephalography, and, to a lesser degree, transcranial magnetic stimulation ap-
plied at different time points, have yielded timing information about the involvement of
motor areas in language processing. Some studies using single pulse Transcranial Magnetic
Stimulation, a technique which can influence a behavioral process in the range of tens of
milliseconds [30]. Tomasino investigated semantic resonance (motor-to-language direc-
tional effects) with this technique and found embodiment effects within 200 ms, suggesting
that it may take place at early stages of word recognition [31]. It is also possible to process
semantics, e.g., by dissociating word categories (action vs. object) at about 150 ms and
in modality-specific areas [32]. Hauk and Pulvermuller investigated early electrophys-
iological differences between matched semantic categories of action words in a passive
reading task; significant differences between subcategories of action words were present
at approximately 220 ms [33]. On the other hand, Buccino et al. showed that listening to
action-related sentences with hand or foot effectors modulates the activity of the motor
system about 500–700 ms after the beginning of the sentence, suggesting that motor reso-
nance of words may occur later, during semantic processing [34]. In summary, while some
data suggest that embodiment affects later semantic stages of processing (see also [35]),
the majority of evidence points toward early effects of embodiment within 200 ms after
stimulus onset [13,32,33,36]. It is, however, difficult to disentangle the possible roles of
the motor cortex and other lexical characteristics, such as word frequency and physical
orthographical and lexical integration correlates, taking place within 200 ms [27].

Most studies have investigated embodiment only in the mother tongue (first lan-
guage/L1), and less is known about whether and at what stage a language learned later
in life (L2) might recruit motor areas [37]. Generally, the term Age of Acquisition (AoA)
refers to the age at which one begins to learn an additional language, which may or
may not coincide with the age of arrival in the context of that language [38]. AoA has
been used to classify bilinguals into simultaneous (AoA = from birth), early/childhood
(AoA = prior to age 7 or 12, depending on the studies), and late/adult bilinguals
(AoA = after the age of 7 or 12, or post-puberty) (e.g., [38]). In our research, we clas-
sify as late bilinguals the participants who learned L2 after 7 years of age [39]. The L1
is acquired implicitly and through interaction with the environment, and the acquisition
of semantic concepts is assumed to be a direct consequence of that interaction with the
environment. According to experimental data and theoretical models, representations
of concepts in the first (L1) and second language (L2) partially overlap, particularly in
early bilinguals [39,40]. However, in late bilinguals, L2 vocabulary is often acquired in
late childhood and typically in a classroom context (particularly when learnt in secondary
school), which is mostly based on explicit memory. In Switzerland, German and French are
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the most important national languages and are formally learned, respectively, by L1 French-
and German-speaking children at school in the 5th grade. There is no immersive learning
at this stage. Therefore, the question arises as to whether sensorimotor experience is in-
volved in late L2 learning concepts. Based on this assumption, we might suggest semantic
representations in L2 to be less embodied than in L1 [39]. One could argue that the L1
acquired early in life through interaction with the environment is embodied more strongly
than an L2 acquired later and through formal instruction and not in an immersion context.
Given that L1 and L2 are acquired differently, one could assume that the embodiment of
L1 affects both early/lexical and later/semantic stages but that embodiment affects only
later/semantic stages in L2 because the lexical representations in L2 are learned formally
and without interaction with the environment and then mapped onto stored semantic
concepts that were themselves acquired through interaction with the environment during
L1 acquisition.

Several behavioral and neurophysiological studies provide evidence for the notion that
L2 is indeed less or differently embodied than L1. Prepositions denoting positions in space
appear to be more strongly embodied in L1 than L2 [41], power words are likewise more
strongly embodied in L1 than L2 [42], negative words are more prone to disembodiment in
L2 than L1 [43], and there is increased semantic resonance in L1 than L2 at early latencies
and increased motor resonance in L2 than L1 at mid-latencies [44,45]. In an interesting
recent study, Zhang et al. recorded mu activity induced by the presentation of written action
words in Chinese L1 and in English L2 action verbs. The results showed that, compared
to abstract words, action verbs induced higher early motor activation in both languages,
as indicated by the desynchronization of the EEG mu rhythm at 250 ms after stimulus
presentation [46]. Their data also suggest that the mu-event-related desynchronization was
stronger in L1 than in L2.

Functional neuroimaging studies, on the other hand, provide a different image, namely
that L1 and L2 are embodied similarly. The first fMRI study comparing embodiment in
L1 (German) and L2 (Dutch) found comparable recruitment of motor areas in L1 and L2,
irrespective of whether the words were cognates or not [47], suggesting that semantic
representations in L2 are sufficiently rich to activate motor regions. Similarly, action verbs
presented in L1 and L2 recruit the primary motor cortex and the precentral gyrus in L1
(Mandarin) and L2 (English), although, in L2, the semantic integration hub was connected
less strongly to sensorimotor regions [48]. In a similar vein, motor areas are activated more
strongly for motor versus non-motor verbs and more strongly for L2 versus L1 verbs, but
there was no difference for motor verbs in L1 versus L2 [49,50]. These recent fMRI studies
provide converging evidence that embodiment is comparable in L1 and L2, but due to
the slow time course of the BOLD response, they cannot answer the question of whether
embodiment affects earlier or later stages of linguistic processing or whether L1 and L2
might be embodied at different stages of processing.

Distinguishing between early and later stages of processing requires a continuous
physiological measure with high temporal resolution, such as the electroencephalogram
(EEG). The EEG represents the temporal evolution of the electrical field generated by the
brain and is represented by the topographic configuration of the scalp field. Event-related
potentials (ERPs) are extracted from the ongoing EEG by making a time-locked average
across multiple stimuli of an experimental condition, thereby retaining the brain activity
evoked by stimulus processing and averaging out any EEG activity not directly related to
stimulus processing.

In the present study, we employed the high temporal resolution of ERPs and global
ERP measures to compare the time course of embodiment of action verbs in L1 and L2.
We separately manipulated language (L1, L2) and motor relatedness (action verbs, non-
action verbs) and recorded the EEG while subjects performed a silent reading task with
an embedded semantic judgment task of written words. We focused on words that were
known by the participants. This design allows us to investigate the time course of signatures
of embodiment separately for L1 and L2 and whether they interact at some point. This can
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answer the questions of whether embodiment affects earlier or later stages of processing,
whether this is observed both for L1 and L2 and whether there are separate or interactive
effects of embodiment and language, i.e., whether action words are embodied differently
in L1 and L2 in terms of strength and/or time course.

2. Materials and Methods
2.1. Stimuli
Pre-Tests

The stimuli used for the experimental paradigm were 200 verbs composed of ac-
tion verbs, referring to motor actions executed by the hands (for example, “grasp”) and
non-motor verbs (for example, “guess”), in French and German. Two pre-tests were con-
ducted to ensure that the experimental stimuli fulfilled the desired criteria, namely that
the hand–motor-related verbs were indeed judged as motor-related and that the hands
were exclusively recruiting for their execution and that the non-motor-related verbs were
indeed not motor-related and that they were likely to be known to most subjects in their
respective L2.

The first pre-test evaluated the motor-relatedness, embodiment, valence, and emo-
tional experience related to the stimulus material. A total of 361 French and German
verbs were randomly split into two lists that were administered to naïve university stu-
dents with a mean age of 21.55 years (SD: 2.44) who were native speakers of French (n = 31,
2 males) and German (n = 41, 5 males) so that each participant had to evaluate only one list of
181 verbs. Subjects had to rate (1) the level of embodiment, (2) the emotional experience,
and (3) the valence of that verb on a 7-point Likert scale. They had to furthermore indicate
whether this verb represented a movement of the body and, if so, which part of the body
(head, face/mouth, one hand/arm, both hands/arms, one foot/leg, both feet/legs). Verbs
considered to be too ambiguous to be classified as motor-related were excluded. Embodi-
ment ratings were generally higher for French than German words (French motor verbs:
mean = 5.02, SD = 0.74; French non-motor verbs: mean = 1.52, SD = 0.47; German motor
verbs: mean = 4.53, SD = 0.76; German non-motor verbs: mean = 1.73, SD = 0.43), and thus
the values were transformed into z-scores, but this difference was not significant.

The second survey was performed to select verbs that would likely be familiar to the
participants in their second language. This step was necessary as we finally included in
the ERP analysis only the neurophysiological correlates of verbs that were known to the
participants to make sure that the words were semantically processed. The same list of
361 French and German verbs that was used in the first pre-test were administered to
another group 26 German native speakers (age M = 22 years, SD = 2 years) and 36 French
native speakers (age M = 22 years, SD = 3 years) who had learned German and French as
an L2 after the age of 7. Subjects were asked to rate their familiarity with each word on a
7-point Likert scale, and items with both a median and a mode below 4 were excluded; this
led to the exclusion of 103 French and 136 German verbs.

2.2. Final Stimulus Set

The final stimulus set comprised 200 verbs, with 50 in each condition (French motor,
French non-motor, German motor, German non-motor), and they did not contain any cog-
nates (The list can be loaded in the Supplementary Materials). All verbs were matched for
lexical frequency, number of letters and syllables, and valence, which did not differ between
languages, motor-relatedness, or both factors. Motor-relatedness was rated significantly
higher for the motor versus the non-motor verbs (F(1,1) = 1141.21, p < 0.001) but not for the
languages (F(1,1) = 1.97, p > 0.05), and it was not rated differently between the languages
(F(1,1) = 1.83, p > 0.05). Likewise, the emotional content was rated higher for non-motor
versus motor verbs (F(1,1) = 50.48, p < 0.001) but not for the languages (F(1,1) = 1.77,
p > 0.05), and it was not rated differently between the languages (F < 1). In addition to
the 200 experimental verbs, a total of 100 filler nouns (50 German, 50 French, half ani-
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mate, half inanimate) were added to the experimental lists to render the experimental
conditions opaque.

2.3. Subjects

Our a priori power analysis indicated that a 2 × 2 repeated measure ANOVA with
the parameters α = 0.05, f = 0.25, 1-β = 0.8, r = 0.5 between measures, and ε = 1 requires
a total sample size of n = 24 (G*Power) [51]. As such, 29 subjects (10 male) with a mean
age of 23.2 years (SD 4.27, range 19–40) participated in the EEG experiment for monetary
compensation (CHF 20/h).

None of them had any history of neurological or psychiatric disease and all had
normal or corrected-to-normal visual acuity and were right-handed. They had either a
high school diploma (Matura) or a university degree (Bachelor’s or Master’s), which is a
minimum of 13 years of education. Fribourg is a bilingual university, and participants
attended lectures and seminar in French or German, but some courses were also in
English. Our experimental group included native German-speaking and native French-
speaking students. Inclusion criteria for the study were that L1 German-speaking
participants had completed primary school in the German part of Switzerland and that
they were exposed only to Swiss German and/or German before the age of 7 and that the
L1 French group was only exposed to standard French before the age of 7. According to
Swiss schooling rules, the L2 language was French for the German group and standard
German for the French group. Immersive second language learning program in the
other language before the end of primary school as well as early bilingualism were
exclusion criteria. The simultaneous or later third language was generally English in
both groups. Fifteen were L1 speakers of French and learned L2 German after the age of
7 at the average age of 8.4 (SD: 1.12) years, and fourteen were L1 speakers of German and
learned L2 French at the average age of 10.78 (SD: 2.35) years. To control for language,
participants with French and German as their mother tongue were pooled into one
group such that German and French were equally represented in L1 and L2 as mother
tongues. All were right-handed according to the Edinburgh Handedness Inventory [52],
with an average score of 91.14 (SD: 12.60). The study was approved by the Ethical
Committee of the Canton of Vaud, CH, and written informed consent was obtained prior
to participation.

2.4. Language Evaluation

Before the EEG experiment, the objective L2 receptive vocabulary was assessed with
the vocabulary sub-test from the computer-based DIALANG language diagnosis sys-
tem [53]. This lexical decision task gives a score from 0 to 1000 and allows for categorizing
the L2 knowledge of the participants using the following scoring system: 0–100, knowledge
of very few words; 101–200, very basic knowledge; 201–400, a limited vocabulary; 401–600,
a good basic vocabulary; 601–900, an advanced level with a very substantial vocabulary;
and 901–1000, a native speaker level.

After the silent reading task, subjects performed a translation recognition task of the
same items. This was performed to include in the analyses only those verbs that were
known to the subjects. Every experimental verb item was presented with four translation
options, plus the option “I don’t know”. Subjects were asked to indicate the correct
translation, and in case they did not know the word, they were asked to refrain from
guessing and instead directed to choose “I don’t know”.

We analyzed participants’ accuracy in the semantic judgment task based on both the
filler items and the translation recognition task.

2.5. Procedure
Experimental Task

The 200 experimental stimuli and 100 filler words were divided into two lists. Each
list consisted of 40 short blocks of 8 stimuli each. Within each block, all stimuli were of
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the same language, with equal numbers of motor- and non-motor-related verbs, which
were randomized. This was done to foster a monolingual context and to avoid language
switching within a block.

Figure 1 depicts the experimental procedure. All stimuli were presented in white on a
black background for 800 ms, with an interstimulus interval varying randomly between
2000 and 3500 ms, and the subjects were instructed to silently read the words presented
on the screen. In order to ascertain that the subject actually effectuated the task and
semantically processed the stimuli, they were asked to occasionally perform a semantic
judgment on two filler items (verb + nouns, e.g., “swim”, “fish”). E-Prime 3.0 was used both
for stimulus presentation and response collection in the semantic judgment task. Between
blocks, subjects could take self-paced breaks, and the task lasted roughly 25 min. Filler
items were not included in the ERP analyses.
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800 ms; the interstimulus interval varied randomly. Subjects read the words silently (see the text for a
detailed description). Related pairs are presented on the left side of the figure, unrelated pairs on the
right side.

2.6. EEG Acquisition and Data Reduction

The EEG was acquired from 128 active Ag/AgCl electrodes (Biosemi Active-Two,
Biosemi B.V., Amsterdam, The Netherlands) with a sampling rate of 1024 Hz. Before seg-
menting the EEG into epochs, the ongoing EEG was bandpass-filtered between
0.5 and 40 Hz using a 2nd order Butterworth filter with a −12 db/oct roll-off. The
filter was computed linearly with two passes (one forward and one backward), thus
eliminating the phase shift, and with poles calculated each time to the desired cut-off
frequency. ERP epochs of 800 ms encompassing a 100 ms pre-stimulus baseline were
extracted for each participant and for each experimental condition. Epochs were visually in-
spected for ocular–motor, myogenic, and other artifacts, and trials contaminated with noise
were rejected.

2.7. Topographic Analysis of Event-Related Potentials

Local EEG and ERP measures consider the time course of amplitude modulations
and global EEG measures considering the time course of topographic differences between
conditions. Several aspects make it difficult to interpret the functional significance of local
amplitude differences. Because local amplitudes are reference-dependent, their location can
vary with the reference, and different references can make effects appear or disappear [54].
Moreover, amplitude differences can arise from (I) strength differences of the same neuronal
generator, (II) latency differences of the same neuronal generator, or (III) different generator
configurations. Local amplitude measures cannot distinguish between those cases, which
renders their functional interpretation arbitrary at best.

This is why we adopted global, topographic analyses of EEG/ERPs. They are a
solution to this problem because they consider the (global) topography of the scalp electrical
field, which is independent of the reference. Different references affect the voltage potential
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between a given local electrode and the reference, but this fact does not affect the brain
activity generating the scalp field. Because topographic differences necessarily indicate
different intracranial generators [55], global EEG/ERP measures can distinguish between
differences in (I) strength, (II) latency, and (III) configuration of the underlying sources and
hence elucidate the timing with which either the same or different processes unfold at a
given time. Topographic ERP measures consider ERP components not as time-series of
local peaks and troughs but as time-series of stable map configurations that represent the
different stages of processing [56–58].

To investigate whether embodiment affects (I) early or later stages of processing,
(II) whether this differs in L1 and L2, and (III) whether there are separate or interactive
effects of embodiment and language, we compared the stimulus-evoked potentials for the
motor- and non-motor-related verbs in L1 and L2 using a global measure. To that end,
we submitted the grand-average ERPs in the four experimental conditions to a spatio-
temporal segmentation procedure implemented in the Cartool Software version 3.70 by
Denis Brunet [56–58] to identify template maps representing the sequence of dominant
topographies in the different conditions. This procedure identified whether the same or
different scalp topographies are evoked in the experimental conditions [58–61] and follows
the notion that stimulus-evoked topographies do not vary randomly from time point to
time point but that they remain stable for discrete processing stages with sharp transitions
between states representing the stages.

According to our hypotheses, the periods of interest should correspond to P1, N1,
and P2 components during the early processing phase of word recognition and the N400
component for the later “semantic” phase. To determine them without bias, a data-driven
approach was applied. In order to identify the dominant topographies, we used a spatial
atomize–agglomerate hierarchical cluster analysis (AAHC) [58–60] where the topography
was normalized with respect to the field strength (Global Field Power (GFP)), which
is the spatial standard deviation of the scalp electrical field. This procedure identifies
dominant topographies based solely on their configuration and irrespective of their strength.
Importantly, we did not restrict our cluster analysis to identifying a given number of
templates or explaining a certain amount of variance. We computed 20 different solutions
of the AAHC analysis and identified the optimal solution through the convergence of a
combination of multiple criteria [62] that attempt to maximize the explained variance with a
minimum number of clusters. Because ERP map topographies of <10 ms are physiologically
implausible, we applied a temporal constraint criterion of 10 ms.

After identifying the optimal solution of the cluster analysis, we determined how well
each template identified in the cluster analysis on the grand-average was represented in
each condition in each subject. We computed a strength-independent spatial correlation
between each template map and the ERPs of every individual in all conditions using a
winner-take-all assignment for the templates. Finally, we assessed whether the ERPs dif-
fered statistically between the experimental conditions concerning field strength (GFP),
global explained variance (GEV, the explained variance weighted by the GFP), and mi-
crostate duration by means of a 2 × 2 repeated measures ANOVA with the factors language
(L1 vs. L2) and embodiment (motor vs. non-motor verbs).

3. Results
3.1. Behavioral Results

L1 French speakers started learning German, on average, at 8.4 (SD = 1.12) years, and
L1 German speakers learned to speak French, on average, at 10.78 (SD = 2.35) years; this
difference was not significant (t(1,28) = −1.7141, p = 0.09).

Table 1 summarizes the DIALANG L2 proficiency scores and the performance in
the translation recognition task for all subjects and separately for the L1 French and L1
German speakers. Even though the L1 German group had slightly higher overall scores
than the L1 French group, none of these differences were significant (DIALANG scores:
t(1,41) = 1, p = 0.322; recognition performance (all words): t(1,41) = 1.53, p = 0.13;
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recognition performance (motor verbs): t(1,41) = 1.1, p = 0.27; recognition performance
(non-motor verbs): t(1,41) = 1.37, p = 0.17). Hence, we could collapse the L1 and L2
across French and German for the ERP analyses. According to the mean DIALANG
performance, participants were considered to have a good basic vocabulary. The per-
formance in the translation recognition task correlated highly with the DIALANG L2
scores (r = 0.79, p < 0.001) and equally for motor (r = 0.88, p < 0.001) and non-motor
(r = 0.89, p < 0.001) verbs. Subjects correctly responded in 84.28% (SD: 11.36) of the
semantic judgment trials, indicating that they indeed paid attention to the stimuli and
processed them semantically.

Table 1. L2 proficiency scores (mean/standard deviation) assessed using the DIALANG and the
translation recognition task for the L2 verbs used in the EEG experiment. “L1 French” means
the subgroup of participants with French as their maternal language and German as their second
language. L1 German is the subgroup of participants with German as their maternal language and
French as their second language. As mentioned in the text, both groups were merged to avoid
language-specific bias.

All Subjects L1 French L1 German

DIALANG L2 scores 445.3/252.6 377.3/246.8 512.1/228.4
Translation recognition in %
All words 70.45/18.9 62.2/14.8 79.3/18.1
Motor verbs 70.48/19.9 64.0/17.7 77.4/20.5
Non-motor verbs 73.86/18.3 67.0/16.3 81.1/17.9

3.2. Event-Related Potentials

The results and interactions are summarized in Figure 2 and Table 2. Illustration
A of Figure 1 shows the different time windows of the maps identified through cluster
analysis. Map 2, corresponding to the quasi totality of P1, runs from 100 to 150 ms. Maps 4,
corresponding to N1, runs from 150 to 300 ms. Maps number 6, 7, and 8, corresponding
to the N400 time window, extend essentially from 400 ms to 500 ms. The main effects
of language were found both for the sensory (Map 2 (P1)), lexical (Map 5 (P2)), and
semantic states of processing (Map 8 (N400)) both with respect to GEV and GFP, where
all components were more strongly expressed in L2 than in L1. The main effects of motor
relatedness were found for the sensory (Map 2 (P1)) and lexical stages of processing (Map
4 (N1)); the P1 was more strongly expressed for non-motor than motor verbs, and the N1
was expressed more strongly for the motor than non-motor verbs, but there were no effects
of embodiment at the semantic stages of processing. Apart from P1, where Map2 had
the highest GEV in the L2 non-motor condition and none of the other conditions differed,
the factors never interacted, indicating that the effects of language and embodiment are
separable and independent.

Moreover, the proficiency measures did not correlate with the ERP measures, and the
number of words known to the subjects and the DIALANG scores were not correlated with
the ERP map strength (GFP) or the explained variance (GEV).
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Figure 2. Results of the spatio-temporal segmentation procedure for the analyzed words.
(A). Illustration of the computed segmentation for each experimental condition (amplitude of plots
is the Global Field Power [GFP]). (B). Topographies of the microstates isolated. (C). Graphical il-
lustration when the motor-relatedness factor is significant for the global explained variance (GEV)
and GFP (details in Table 2). White dots = motor-related verbs (M), black dots = non-motor-related
verbs (nM), * = 0.05 > p > 0.01, ** = p < 0.01. L1 = mother tongue, L2 = second language learned at a
later stage. Map 2, which correspond to the largest part of the P100 time windows, extends between
100 and 150 ms after stimulus presentations. Map 4, which corresponds to N1, extends between
around 150 and 300 ms after stimulus presentations.

Table 2. Statistical differences (ME = main effects for language, embodiment, and their interaction)
in GEV and GEP for the maps, identified in the spatio-temporal segmentation procedure, where
differences were found between conditions. Significant effects are highlighted in italic/boldface.

Map 2 (P1) Map 4 (N1) Map 5 (P2) Map 8 (N400)

GEV

ME language
F(1,28) = 9.192

p = 0.005
η2 = 0.108

F(1,28) = 2.648
p = 0.115
η2 = 0.038

F(1,28) = 4.566
p = 0.041
η2 = 0.069

F(1,28) = 4.9
p = 0.06
η2 = 0.069

ME embodiment
F(1,28) = 6.208

p = 0.019
η2 = 0.044

F(1,28) = 4.749
p = 0.038
η2 = 0.044

F < 1 F < 1

Interaction
F(1,28) = 9.429

p = 0.005
η2 = 0.082

F(1,28) = 2.223
p = 0.147
η2 = 0.016

F < 1 F < 1

GFP

ME language
F(1,28) = 9.150

p = 0.005
η2 = 0.102

F < 1
F(1,28) = 2.974

p = 0.096
η2 = 0.041

F(1,28) = 6.678
p = 0.015
η2 = 0.09

ME embodiment
F(1,28) = 5.379

p = 0.028
η2 = 0.031

F < 1 F < 1 F < 1

Interaction
F(1,28) = 3.166

p = 0.086
η2 = 0.04

F(1,28) = 1.704
p = 0.202
η2 = 0.013

F < 1 F < 1
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4. Discussion

In the present study, we used topographic ERP analyses to delineate the time course
of embodiment in the mother tongue (L1) and a language learned later in life (L2) in a
formal/scholastic context. For both early sensory, mid-latency lexical, and late semantic
stages of processing, we could identify separate effects of motor relatedness and of language.
Apart from the earliest sensory stage of processing, these factors never interacted, signifying
that in our paradigm, L1 and L2 known motor-related words do not show signatures of
different embodiment. Our main research aims were (i) to replicate electrophysiological
correlates of word embodiment in a silent reading task and (ii) to compare the time course
of embodiment of action verbs in L1 and L2 and eventually detect differences in time
and brain activity. The main results were the following: (i) grounding of action words
occurs in early phase of word recognition at the level of the P1 map (corresponding to
100 ms after word presentation) and the N1 map (corresponding to 150 to 300 ms after
word presentation, and (ii) this embodiment process is similar in time for both languages
and associated with neural larger activity in L2 for non-motor verbs at the level of the P1
time window.

At the earliest stage of processing, we found a stronger P1 (100 ms after stimulus
presentation) component in L2 compared to L1 and for non-motor versus motor verbs.
This indicates that the early visual analysis of the verbal input is more effortful in L2 than
in L1 and for the non-motor versus the motor verbs. It was more strongly expressed for
non-motor verbs in L2 than all other conditions, indicating that sensory processing is most
effortful in L2 abstract (non-motor) verbs. The N1 component (in our study, ~150–300 ms)
was modulated by embodiment and more strongly pronounced in the motor than the non-
motor condition. This corroborates the results from other studies that found stronger motor
cortex activity for motor versus non-motor verbs in this time window in L1 [13,32,33,36,63].
Even if the embodiment process has a semantic resonance, most of the experimental pieces
of evidence, including ours, suggest that it takes place early in the word recognition stage,
possibly at the time of lexical processing. Some monolingual studies using a more implicit
semantic paradigm have also suggested embodiment grounding later in the process [64],
so we cannot exclude the modulation of such a grounding process in relation to the task
processes. We actually could show here that the early embodiment process occurs in the first
and second languages. Importantly, the N1 component was not modulated by language, it
did not differ between L1 and L2, and there was no specific effect of embodiment between
L1 and L2, which indicates that words are not embodied with different strengths in L1
and L2.

Both the P2 and the N400 were exclusively modulated by language, with both com-
ponents more strongly expressed in L2 than in L1, indicating that semantic integration in
our task was more effortful in L2 than in L1. These components were not modulated by
embodiment and not differentially so in L1 and L2, which corroborates the finding that
embodiment was restricted to lexical stages of processing, as indexed by the stronger N1
for motor and non-motor verbs, and that it did not intervene during semantic or conceptual
stages of processing. With the high temporal resolution of ERPs, we show here that embod-
iment within this task exclusively affects sensory lexical stages of processing and equally
so for L1 and L2, and that the more effortful processing of L2 selectively affects word
recognition and the semantic stage of processing. This early impact of embodiment in the
process of word recognition (P1 and N1) confirmed other ERP studies. Vukovic and Shtyrov,
for example, examined mu–rhythm desynchronization as an index of motor cortex activity
in response to L1 and L2 abstract and action prime–probe verb pairs. They found that
cortical motor activation was present in both L1 and L2 around 150 ms post-stimulus [65].
Studies on novel word learning also showed early motor grounding effects, suggesting
that such effects also occur early when learning a second language [66]. This furthermore
indicates that once the word is stored in the semantic memory, embodiment does not differ
between a language learned implicitly and through interaction with the environment early
in life and another language learned later in life through formal instruction. This is in line
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with other studies that show how learning new words, languages, or concepts later in life
can still lead to sensorimotor grounding [66].

Our results are in contrast with those from behavioral and neurophysiological studies
that found a stronger embodiment of L1 than L2. Behavioral measures (reaction times,
accuracy rates) only reflect the end-product of a cognitive process with a certain delay,
and they cannot reveal which stage of processing contributes to the effect. In the case
of embodiment, e.g., reaction times, measures cannot distinguish whether embodiment
affects early or later stages of processing or whether embodiment affects different stages of
processing in L1 and in L2. Recent data suggest that motor–language coupling effects seem
to be present in both languages, although they can arise differently in each [67]. Concerning
neurophysiological data, Xue et al. presented a case where L1-Ch L2-English participants
with high (e.g., crumb) and low (e.g., lace) body–object interaction (BOI) English words
obtained a slightly later embodiment effect [68]. These words were embedded in high
(e.g., you brush the small sticky crumb) and low (e.g., you wear a string of cotton lace)
sensorimotor contexts. It is possible that the impact on later time windows is due to the
type of task, integrating also syntactic and sentence-related information. Our findings are
in line with evidence from fMRI that shows no differences in embodiment but stronger
recruitment of language areas in L2 than in L1 [47,48,50], indicating that L1 and L2 are
embodied to comparable degrees. Due to the slow time course of the BOLD response,
these fMRI studies cannot distinguish whether embodiment affects lexical or semantic
stages of processing, or whether L1 and L2 might be embodied at different stages of
processing. The stronger P1 component in L2 for non-motor during the P1 time window
is also in contrast with other studies. If the strength of embodiment was reflected in this
component, it should be more strongly pronounced in the motor than in the non-motor
condition [69], which is not the case. One potential explanation for the stronger P1 (early
visual potential) non-motor component in L2 could be related to access to abstract words
in L2, as mentioned, or it may reflect interlanguage differences in ortho-phonological
processing [70], with possible decreased typicity between perception and meaning in L2.
Another explanation for such a stronger GFP in L2 at 100 ms could be explained by larger co-
activation of the embodiment effect in the early stages of word recognition in L2. Access to
L2 representations would require mediation via L1, especially in case of low L2 proficiency.
This entails a later sensorimotor involvement when L2 proficiency is low compared to
when it is high or compared to L1. Such differences in the degree of L2 embodiment would
also be in line with the Dijkstra’s BIA+ model [71]. Overall, our data, in conjunction with
other studies, point toward early embodiment of a late acquired L2, as similar in intensity
to L1 embodiment, possibly integrating other processes of action–language interaction.

Other reasons for some divergences between studies are the differences in paradigms
and in the constraints of the other studies. These studies also used stimuli not directly
related to the execution of motor actions, like action verbs, but different paradigms for
actions, e.g., prepositions denoting positions in space congruent or incongruent with a hand
movement [41], power words [42], or words of different valence not related to executable
actions [43], and may thus coin other aspects of embodiment. Also, the choice of a task that
requires an overt motor response in every trial makes it hard to unequivocally attribute
motor cortex recruitment or embodiment in general to the processing of the linguistic item
or the execution of the response to this linguistic item [72]. Such explicit judgment may
implicate less automatized processes if subjects have to judge whether a given item refers
to a motor action or not [44]. In order to account for this confound, we opted for a silent
reading task that does not require an overt response in every trial and ERPs, an unobtrusive
measure that can identify at what stages of processing language and embodiment exert their
influence and whether so independently or jointly with high temporal resolution. To assure
that subjects processed the stimulus material semantically, they were asked to perform
a semantic judgment on a small proportion of trials. Monaco’s study on the other hand,
focused on semantic and motor resonance during reading of known motor words, thus
focusing on excitability and connectivity of the motor cortex itself, in L1 and in L2 language
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mode rather than the embodiment process itself. Finally, a very interesting comparison
can be done with a similar experiment done with Chinese/ English bilingual participants,
where an early difference in the embodiment process was found between L1 and L2 in
desynchronization of the EEG mu rhythm at 250 ms after stimulus presentation [26]. The
time window corresponds to our “grounding-related “time window. This shows that
some differences may be found. In our experiment, only correct responses were analyzed,
avoiding effects related to the language itself by mixing both maternal French and German
in the L1 group. So, our data suggest that the similarity in embodiment strength between L1
and late L2 is present only if the proficiency of words is similar. These differences between
studies bring also indication that there may be some differences in embodiment according
to the age of acquisition, but which concern internal electrophysiological processes rather
than strength and duration of activation.

Our experimental design could exclude two of the main confounds, which are impor-
tant caveats in studies comparing embodiment in L1 and L2, as follows: (I) the order of
language acquisition (L1 vs. L2) with language-specific effects, such that L1 was always one
language (e.g., Chinese) and L2 another (e.g., English), and (II) language with proficiency
effects, by including all L2 words in the analysis irrespective of whether they were known
to the participants or not, thus comparing a language in which all words were known (L1)
with one in which only a subset of words were known and could thus be processed (L2).
We could overcome the first confound by collapsing across languages and considering L1
and L2 irrespective of the [46] language. Being able to recruit subjects from the only official
German–French bilingual university, participants in our study were L1 speakers of both
French and German who acquired the respective other language as L2 (L1 French speakers
had L2 German and L1 German speakers hat L2 French), thus excluding the important first
confound. We could overcome the second confound by carefully pre-testing our material to
exclude any differences in motor involvement in L1 and L2 and to use only words that are
likely to be known to most of our participants. Importantly, and contrarily to other studies,
we included in the analysis only those words that were known by each individual and that
could be semantically processed. We can thus rule out that the confound between language
and proficiency (namely that subjects are less proficient in L2 than L1 and that the analyses
included words that could not be processed) could account for differences in embodiment
between L1 and L2.

There are of course some limitations in our study. The first one is the number of
participants. Although the number corresponds to the one calculated with our power
analysis, it may be in the lower range of what is expected for fine modifications. The second
potential limitation refers to the mother tongue. German-speaking Swiss participants
are mostly diglossic (like in the Arabic linguistic context), with Swiss–German being a
dialect spoken by the German-speaking community since birth in Switzerland and standard
German being the official academic language [73]. However, at the word level, there is a
strong similarity between Swiss German and standard German verbs, and this situation
does not seem to influence word recognition. Finally, we did not quantified the linguistic
distance, including characteristics such as overlaps in vocabulary, grammar, or script,
which could modulate the extent of L2 embodiment, To the best of our knowledge, this
issue was to a certain extent examined in a study by Ahlberg et al. (2017), which assessed
L1 and L2 embodiment effects by comparing native German speakers with non-native
German speakers whose L1 either similarly or distinctly encodes spatial relations. Although
embodiment effects were found for both non-native speaker groups, these effects were
not affected by the linguistic distance between their L1 and L2 [41]. These results speak to
the fact that the extent of L2 embodiment may not necessarily correlate with the degree of
overlap between the languages compared. However, we would argue that more research is
necessary to examine such an issue.
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5. Conclusions

These results shed new light on the time course of embodiment in L1 and L2. With the
high temporal resolution of ERPs, we can show that embodiment affects lexical rather than
semantic stages of processing both for L1 and L2 and that L1 is not embodied differently
than L2, except for P1 short time windows, where L2 embodiment seems to require more
effortful neural effort. We can furthermore show that L2 requires more effortful processing
than L1, but mostly at semantic stages of processing. Our results are in line with recent
fMRI studies that likewise show no differences in embodiment between L1 and L2. The
slow temporal dynamics of fMRI, however, cannot distinguish whether embodiment affects
different stages of linguistic processing in L1 and L2. In principle, L1 and L2 could be
embodied at different stages, but with the high temporal resolution of ERPs used here, we
can rule out that explanation. Overall, the first conclusions arising from this emerging topic
of research point toward the early embodiment of a late-acquired L2 being similar to that of
L1 embodiment, but it may possibly integrate other aspects of action–language interaction
that deserve to be further delineated in their nuances.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/brainsci14111056/s1, Table S1: List of the 200 motor and
non-motor stimuli used during the EEG task.

Author Contributions: Conceptualization, J.-M.A., J.B. and L.B.J.; methodology, M.M., J.B., L.B.J. and
S.S.; software, M.M.; validation, J.B. and M.M.; formal analysis, E.C., J.B. and M.M.; investigation, E.C.
and A.B.; resources, E.C. and A.B.; data curation E.C. and A.B.; writing—original draft preparation,
J.B. and E.C.; writing—J.-M.A., J.B., L.B.J. and M.M.; visualization, J.-M.A. and S.S.; supervision,
J.-M.A.; project administration, J.-M.A.; funding acquisition, J.-M.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the SS: Swiss National Science Foundation No. 325130_182594.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of CER-VD no 2016-02010 on
7 January 2017.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Raw data and materials are accessible on the following public reposito-
ries, https://www.doi.org/10.5281/zenodo.4761369, accessed on 20 October 2024, through autho-
rization of the authors, according to Swiss National Foundation rules.

Acknowledgments: The authors thank Elisa Monaco for her important advice in the conceptualization
and the methodology of the study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Levelt, W.J.; Roelofs, A.; Meyer, A.S. A theory of lexical access in speech production. Behav. Brain Sci. 1999, 22, 1–38;

discussion 38–75. [CrossRef] [PubMed]
2. Harnad, S. The symbol grounding problem. Phys. D Nonlinear Phenom. 1990, 42, 335–346. [CrossRef]
3. Tettamanti, M.; Buccino, G.; Saccuman, M.C.; Gallese, V.; Danna, M.; Scifo, P.; Fazio, F.; Rizzolatti, G.; Cappa, S.F.; Perani, D.

Listening to action-related sentences activates fronto-parietal motor circuits. J. Cogn. Neurosci. 2005, 17, 273–281. [CrossRef]
[PubMed]

4. Pulvermuller, F.; Hauk, O.; Nikulin, V.V.; Ilmoniemi, R.J. Functional links between motor and language systems. Eur. J. Neurosci.
2005, 21, 793–797. [CrossRef] [PubMed]

5. Hauk, O.; Johnsrude, I.; Pulvermuller, F. Somatotopic representation of action words in human motor and premotor cortex.
Neuron 2004, 41, 301–307. [CrossRef]

6. Glenberg, A.M.; Kaschak, M.P. Grounding language in action. Psychon. Bull. Rev. 2002, 9, 558–565. [CrossRef]
7. Pulvermuller, F.; Lutzenberger, W.; Preissl, H. Nouns and verbs in the intact brain: Evidence from event-related potentials and

high-frequency cortical responses. Cereb. Cortex 1999, 9, 497–506. [CrossRef]
8. Pulvermuller, F.; Tomasello, R.; Henningsen-Schomers, M.R.; Wennekers, T. Biological constraints on neural network models of

cognitive function. Nat. Rev. Neurosci. 2021, 22, 488–502. [CrossRef]

https://www.mdpi.com/article/10.3390/brainsci14111056/s1
https://www.doi.org/10.5281/zenodo.4761369
https://doi.org/10.1017/S0140525X99001776
https://www.ncbi.nlm.nih.gov/pubmed/11301520
https://doi.org/10.1016/0167-2789(90)90087-6
https://doi.org/10.1162/0898929053124965
https://www.ncbi.nlm.nih.gov/pubmed/15811239
https://doi.org/10.1111/j.1460-9568.2005.03900.x
https://www.ncbi.nlm.nih.gov/pubmed/15733097
https://doi.org/10.1016/S0896-6273(03)00838-9
https://doi.org/10.3758/BF03196313
https://doi.org/10.1093/cercor/9.5.497
https://doi.org/10.1038/s41583-021-00473-5


Brain Sci. 2024, 14, 1056 15 of 17

9. Jirak, D.; Menz, M.M.; Buccino, G.; Borghi, A.M.; Binkofski, F. Grasping language--A short story on embodiment. Conscious. Cogn.
2010, 19, 711–720. [CrossRef]

10. Alemanno, F.; Houdayer, E.; Cursi, M.; Velikova, S.; Tettamanti, M.; Comi, G.; Cappa, S.F.; Leocani, L. Action-related semantic
content and negation polarity modulate motor areas during sentence reading: An event-related desynchronization study. Brain
Res. 2012, 1484, 39–49. [CrossRef]

11. Hauk, O.; Shtyrov, Y.; Pulvermuller, F. The time course of action and action-word comprehension in the human brain as revealed
by neurophysiology. J. Physiol. Paris. 2008, 102, 50–58. [CrossRef] [PubMed] [PubMed Central]

12. Buccino, G.; Colage, I.; Gobbi, N.; Bonaccorso, G. Grounding meaning in experience: A broad perspective on embodied language.
Neurosci. Biobehav. Rev. 2016, 69, 69–78. [CrossRef] [PubMed]

13. Boulenger, V.; Roy, A.C.; Paulignan, Y.; Deprez, V.; Jeannerod, M.; Nazir, T.A. Cross-talk between language processes and overt
motor behavior in the first 200 msec of processing. J. Cogn. Neurosci. 2006, 18, 1607–1615. [CrossRef] [PubMed]

14. Pandya, D.; Yeterian, E. Architecture and Connections of Cortical Association Areas. In Association and Auditory Cortices; Peters,
A., Jones, E.G., Peters, A., Jones, E.G., Eds.; Springer: Boston, MA, USA, 1985; pp. 3–61.

15. Courson, M.; Tremblay, P. Neural correlates of manual action language: Comparative review, ALE meta-analysis and ROI
meta-analysis. Neurosci. Biobehav. Rev. 2020, 116, 221–238. [CrossRef] [PubMed]

16. Schindler, S.; Schettino, A.; Pourtois, G. Electrophysiological correlates of the interplay between low-level visual features and
emotional content during word reading. Sci. Rep. 2018, 8, 12228. [CrossRef]

17. Eberhard-Moscicka, A.K.; Jost, L.B.; Fehlbaum, L.V.; Pfenninger, S.E.; Maurer, U. Temporal dynamics of early visual word
processing—Early versus late N1 sensitivity in children and adults. Neuropsychologia 2016, 91, 509–518. [CrossRef]

18. Mahé, G.; Bonnefond, A.; Doignon-Camus, N. Is the impaired N170 print tuning specific to developmental dyslexia? A matched
reading-level study with poor readers and dyslexics. Brain Lang. 2013, 127, 539–544. [CrossRef] [PubMed]

19. Hauk, O.; Coutout, C.; Holden, A.; Chen, Y. The time-course of single-word reading: Evidence from fast behavioral and brain
responses. NeuroImage 2012, 60, 1462–1477. [CrossRef] [PubMed]

20. Korinth, S.P.; Sommer, W.; Breznitz, Z. Neuronal response specificity as a marker of reading proficiency: Two-fold nature of the
N170 revealed after massive repetition. NeuroReport 2013, 24, 96–100. [CrossRef]

21. Lee, C.Y.; Liu, Y.N.; Tsai, J.L. The time course of contextual effects on visual word recognition. Front. Psychol. 2012, 3, 285.
[CrossRef]

22. Khateb, A.; Pegna, A.J.; Landis, T.; Mouthon, M.S.; Annoni, J.M. On the origin of the N400 effects: An ERP waveform and source
localization analysis in three matching tasks. Brain Topogr. 2010, 23, 311–320. [CrossRef] [PubMed]

23. Kutas, M.; Federmeier, K. Thirty Years and Counting: Finding Meaning in the N400 Component of the Event-Related Brain
Potential (ERP). Annu. Rev. Psychol. 2011, 62, 621–647. [CrossRef] [PubMed]

24. Swaab, T.; Brown, C.; Hagoort, P. Spoken Sentence Comprehension in Aphasia: Event-related Potential Evidence for a Lexical
Integration Deficit. J. Cogn. Neurosci. 1997, 9, 39–66. [CrossRef] [PubMed]

25. Kutas, M.; Hillyard, S. Brain potentials during reading reflect word expectancy and semantic association. Nature 1984, 307, 161–163.
[CrossRef]

26. Kutas, M.K.; Hillyard, S.A. Reading senseless sentences: Brain potentials reflect semantic incongruity. Science 1980, 207, 203–205.
[CrossRef]

27. Pulvermuller, F.; Shtyrov, Y.; Hauk, O. Understanding in an instant: Neurophysiological evidence for mechanistic language
circuits in the brain. Brain Lang. 2009, 110, 81–94. [CrossRef]

28. Khateb, A.; Pegna, A.J.; Michel, C.M.; Mouthon, M.; Annoni, J.-M. Semantic relatedness and first-second language effects in the
bilingual brain: A brain mapping study. Bilingualism 2016, 19, 311–330. [CrossRef]

29. de Leon Rodriguez, D.; Mouthon, M.; Annoni, J.M.; Khateb, A. Current exposure to a second language modulates bilingual visual
word recognition: An EEG study. Neuropsychologia 2022, 164, 108109. [CrossRef]

30. Pascual-Leone, A.; Walsh, V.; Rothwell, J. Transcranial magnetic stimulation in cognitive neuroscience--virtual lesion, chronometry,
and functional connectivity. Curr. Opin. Neurobiol. 2000, 10, 232–237. [CrossRef]

31. Tomasino, B.; Fink, G.R.; Sparing, R.; Dafotakis, M.; Weiss, P.H. Action verbs and the primary motor cortex: A comparative TMS
study of silent reading, frequency judgments, and motor imagery. Neuropsychologia 2008, 46, 1915–1926. [CrossRef]

32. Moseley, R.L.; Pulvermuller, F.; Shtyrov, Y. Sensorimotor semantics on the spot: Brain activity dissociates between conceptual
categories within 150 ms. Sci. Rep. 2013, 3, 1928. [CrossRef] [PubMed]

33. Hauk, O.; Pulvermuller, F. Neurophysiological distinction of action words in the fronto-central cortex. Hum. Brain Mapp. 2004,
21, 191–201. [CrossRef] [PubMed]

34. Buccino, G.; Riggio, L.; Melli, G.; Binkofski, F.; Gallese, V.; Rizzolatti, G. Listening to action-related sentences modulates the
activity of the motor system: A combined TMS and behavioral study. Brain Res. Cogn. Brain Res. 2005, 24, 355–363. [CrossRef]
[PubMed]

35. Papeo, L.; Vallesi, A.; Isaja, A.; Rumiati, R.I. Effects of TMS on different stages of motor and non-motor verb processing in the
primary motor cortex. PLoS ONE 2009, 4, e4508. [CrossRef]

36. Vukovic, N.; Feurra, M.; Shpektor, A.; Myachykov, A.; Shtyrov, Y. Primary motor cortex functionally contributes to language
comprehension: An online rTMS study. Neuropsychologia 2017, 96, 222–229. [CrossRef]

https://doi.org/10.1016/j.concog.2010.06.020
https://doi.org/10.1016/j.brainres.2012.09.030
https://doi.org/10.1016/j.jphysparis.2008.03.013
https://www.ncbi.nlm.nih.gov/pubmed/18485679
https://www.ncbi.nlm.nih.gov/pmc/PMC3382728
https://doi.org/10.1016/j.neubiorev.2016.07.033
https://www.ncbi.nlm.nih.gov/pubmed/27477443
https://doi.org/10.1162/jocn.2006.18.10.1607
https://www.ncbi.nlm.nih.gov/pubmed/17014366
https://doi.org/10.1016/j.neubiorev.2020.06.025
https://www.ncbi.nlm.nih.gov/pubmed/32580020
https://doi.org/10.1038/s41598-018-30701-5
https://doi.org/10.1016/j.neuropsychologia.2016.09.014
https://doi.org/10.1016/j.bandl.2013.09.012
https://www.ncbi.nlm.nih.gov/pubmed/24148146
https://doi.org/10.1016/j.neuroimage.2012.01.061
https://www.ncbi.nlm.nih.gov/pubmed/22281671
https://doi.org/10.1097/WNR.0b013e32835d20b1
https://doi.org/10.3389/fpsyg.2012.00285
https://doi.org/10.1007/s10548-010-0149-7
https://www.ncbi.nlm.nih.gov/pubmed/20549553
https://doi.org/10.1146/annurev.psych.093008.131123
https://www.ncbi.nlm.nih.gov/pubmed/20809790
https://doi.org/10.1162/jocn.1997.9.1.39
https://www.ncbi.nlm.nih.gov/pubmed/23968179
https://doi.org/10.1038/307161a0
https://doi.org/10.1126/science.7350657
https://doi.org/10.1016/j.bandl.2008.12.001
https://doi.org/10.1017/S1366728915000140
https://doi.org/10.1016/j.neuropsychologia.2021.108109
https://doi.org/10.1016/S0959-4388(00)00081-7
https://doi.org/10.1016/j.neuropsychologia.2008.01.015
https://doi.org/10.1038/srep01928
https://www.ncbi.nlm.nih.gov/pubmed/23732850
https://doi.org/10.1002/hbm.10157
https://www.ncbi.nlm.nih.gov/pubmed/14755838
https://doi.org/10.1016/j.cogbrainres.2005.02.020
https://www.ncbi.nlm.nih.gov/pubmed/16099349
https://doi.org/10.1371/journal.pone.0004508
https://doi.org/10.1016/j.neuropsychologia.2017.01.025


Brain Sci. 2024, 14, 1056 16 of 17

37. Monaco, E.; Jost, L.B.; Gygax, P.M.; Annoni, J.M. Embodied Semantics in a Second Language: Critical Review and Clinical
Implications. Front. Hum. Neurosci. 2019, 13, 110. [CrossRef]

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

39. Dudschig, C.; de la Vega, I.; Kaup, B. 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. 2014, 132, 14–21.
[CrossRef]

40. Abutalebi, J. Neural aspects of second language representation and language control. Acta Psychol. 2008, 128, 466–478. [CrossRef]
41. Ahlberg, D.; Bischoff, H.; Kaup, B.; Bryant, D.; Strozyk, J. Grounded cognition: Comparing Language × Space interactions in first

language and second language. Appl. Psycholinguist. 2018, 39, 437–459. [CrossRef]
42. Qian, W. Embodied Cognition Processing and Representation of Power Words by Second Language Learners with Different

Proficiency levels. Chin. J. Appl. Linguist. 2016, 39, 484–494. [CrossRef]
43. Sheikh, N.A.; Titone, D. The embodiment of emotional words in a second language: An eye-movement study. Cogn. Emot. 2016,

30, 488–500. [CrossRef] [PubMed]
44. Monaco, E.; Jost, L.B.; Lancheros, M.; Harquel, S.; Schmidlin, E.; Annoni, J.M. First and Second Language at Hand: A Chronometric

Transcranial-Magnetic Stimulation Study on Semantic and Motor Resonance. J. Cogn. Neurosci. 2021, 33, 1563–1580. [CrossRef]
[PubMed]

45. Chen, D.; Wang, R.; Zhang, J.; Liu, C. Perceptual Representations in L1, L2 and L3 Comprehension: Delayed Sentence-Picture
Verification. J. Psycholinguist. Res. 2020, 49, 41–57. [CrossRef]

46. Zhang, Y.; Chen, S.; Peng, Y.; Yang, X.; Yang, J. The Role of the Motor System in L1 and L2 Action Verb Processing for Chinese
Learners of English: Evidence from Mu Rhythm Desynchronization. Behav. Sci. 2024, 14, 268. [CrossRef]

47. De Grauwe, S.; Willems, R.M.; Rueschemeyer, S.A.; Lemhofer, K.; Schriefers, H. Embodied language in first- and second-language
speakers: Neural correlates of processing motor verbs. Neuropsychologia 2014, 56, 334–349. [CrossRef]

48. Zhang, X.; Yang, J.; Wang, R.; Li, P. A neuroimaging study of semantic representation in first and second languages. Lang. Cogn.
Neurosci. 2020, 35, 1223–1238. [CrossRef]

49. Monaco, E.; Mouthon, M.; Britz, J.; Sato, S.; Stefanos-Yakoub, I.; Annoni, J.M.; Jost, L.B. Embodiment of action-related language in
the native and a late foreign language—An fMRI-study. Brain Lang. 2023, 244, 105312. [CrossRef]

50. Tian, L.; Chen, H.; Zhao, W.; Wu, J.; Zhang, Q.; De, A.; Leppanen, P.; Cong, F.; Parviainen, T. The role of motor system in
action-related language comprehension in L1 and L2: An fMRI study. Brain Lang. 2020, 201, 104714. [CrossRef]

51. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]

52. Oldfield, R.C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 1971, 9, 97–113. [CrossRef]
[PubMed]

53. Zhang, S.; Thompson, N. DIALANG: A Diagnostic Language Assessment System (review). Can. Mod. Lang. Rev. Rev. Can. Lang
Vivantes 2004, 61, 290–293. [CrossRef]

54. Yuval-Greenberg, S.; Tomer, O.; Keren, A.; Nelken, I.; Deouell, L. Transient Induced Gamma-Band Response in EEG as a
Manifestation of Miniature Saccades. Neuron 2008, 58, 429–441. [CrossRef] [PubMed]

55. Helmholtz, H.L.F. Über einige Gesetze der Vertheilung elektrischer Ströme in körperlichen Leitern mit Anwendung auf die
thierisch-elektrischen Versuche. Ann. Phys. Chem. 1853, 9, 221–233.

56. Michel, C.; Brunet, D. EEG Source Imaging: A Practical Review of the Analysis Steps. Front. Neurol. 2019, 10, 325. [CrossRef]
57. Brunet, D.; Murray, M.M.; Michel, C.M. Spatiotemporal Analysis of Multichannel EEG: CARTOOL. Comput. Intell. Neurosci. 2011,

2011, 813870–813884. [CrossRef]
58. Murray, M.M.; Brunet, D.; Michel, C.M. Topographic ERP Analyses: A Step-by-Step Tutorial Review. Brain Topogr. 2008,

20, 249–264. [CrossRef]
59. Britz, J.; Pitts, M.A. Perceptual reversals during binocular rivalry: ERP components and their concomitant source differences.

Psychophysiology 2011, 48, 1490–1499. [CrossRef]
60. Britz, J.; Michel, C.M. Errors can be related to pre-stimulus differences in ERP topography and their concomitant sources.

NeuroImage 2010, 49, 2774–2782. [CrossRef]
61. Arzy, S.; Mohr, C.; Michel, C.; Blanke, O. Duration and not strength of activation in temporo-parietal cortex positively correlates

with schizotypy. NeuroImage 2007, 35, 326–333. [CrossRef]
62. Brechet, L.; Brunet, D.; Birot, G.; Gruetter, R.; Michel, C.M.; Jorge, J. Capturing the spatiotemporal dynamics of self-generated,

task-initiated thoughts with EEG and fMRI. NeuroImage 2019, 194, 82–92. [CrossRef] [PubMed]
63. Boulenger, V.; Shtyrov, Y.; Pulvermuller, F. When do you grasp the idea? MEG evidence for instantaneous idiom understanding.

NeuroImage 2012, 59, 3502–3513. [CrossRef] [PubMed]
64. Cervetto, S.; Diaz-Rivera, M.; Petroni, A.; Birba, A.; Caro, M.M.; Sedeno, L.; Ibanez, A.; Garcia, A.M. The Neural Blending of

Words and Movement: Event-Related Potential Signatures of Semantic and Action Processes during Motor-Language Coupling. J.
Cogn. Neurosci. 2021, 33, 1413–1427. [CrossRef] [PubMed]

65. Vukovic, N.; Shtyrov, Y. Learning with the wave of the hand: Kinematic and TMS evidence of primary motor cortex role in
category-specific encoding of word meaning. NeuroImage 2019, 202, 116179. [CrossRef]

https://doi.org/10.3389/fnhum.2019.00110
https://doi.org/10.1080/00207594.2012.743665
https://www.ncbi.nlm.nih.gov/pubmed/23163422
https://doi.org/10.1016/j.bandl.2014.02.002
https://doi.org/10.1016/j.actpsy.2008.03.014
https://doi.org/10.1017/S014271641700042X
https://doi.org/10.1515/cjal-2016-0030
https://doi.org/10.1080/02699931.2015.1018144
https://www.ncbi.nlm.nih.gov/pubmed/25786993
https://doi.org/10.1162/jocn_a_01736
https://www.ncbi.nlm.nih.gov/pubmed/34496375
https://doi.org/10.1007/s10936-019-09670-x
https://doi.org/10.3390/bs14040268
https://doi.org/10.1016/j.neuropsychologia.2014.02.003
https://doi.org/10.1080/23273798.2020.1738509
https://doi.org/10.1016/j.bandl.2023.105312
https://doi.org/10.1016/j.bandl.2019.104714
https://doi.org/10.3758/BF03193146
https://doi.org/10.1016/0028-3932(71)90067-4
https://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1353/cml.2005.0011
https://doi.org/10.1016/j.neuron.2008.03.027
https://www.ncbi.nlm.nih.gov/pubmed/18466752
https://doi.org/10.3389/fneur.2019.00325
https://doi.org/10.1155/2011/813870
https://doi.org/10.1007/s10548-008-0054-5
https://doi.org/10.1111/j.1469-8986.2011.01222.x
https://doi.org/10.1016/j.neuroimage.2009.10.033
https://doi.org/10.1016/j.neuroimage.2006.11.027
https://doi.org/10.1016/j.neuroimage.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30902640
https://doi.org/10.1016/j.neuroimage.2011.11.011
https://www.ncbi.nlm.nih.gov/pubmed/22100772
https://doi.org/10.1162/jocn_a_01732
https://www.ncbi.nlm.nih.gov/pubmed/34496378
https://doi.org/10.1016/j.neuroimage.2019.116179


Brain Sci. 2024, 14, 1056 17 of 17

66. Kogan, B.; Munoz, E.; Ibanez, A.; Garcia, A.M. Too late to be grounded? Motor resonance for action words acquired after middle
childhood. Brain Cogn. 2020, 138, 105509. [CrossRef]

67. Kogan, B.; Garcia-Marco, E.; Birba, A.; Cortes, C.; Melloni, M.; Ibanez, A.; Garcia, A.M. How words ripple through bilingual
hands: Motor-language coupling during L1 and L2 writing. Neuropsychologia 2020, 146, 107563. [CrossRef]

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

69. de Zubicaray, G.I.; McMahon, K.L.; Arciuli, J. A Sound Explanation for Motor Cortex Engagement during Action Word
Comprehension. J. Cogn. Neurosci. 2021, 33, 129–145. [CrossRef]

70. de Zubicaray, G.I.; Arciuli, J.; Kearney, E.; Guenther, F.; McMahon, K.L. On the roles of form systematicity and sensorimotor
effects in language processing. J. Exp. Psychol. Learn. Mem. Cogn. 2023, 49, 431–444. [CrossRef]

71. van Heuven, W.J.; Dijkstra, T. Language comprehension in the bilingual brain: fMRI and ERP support for psycholinguistic models.
Brain Res. Rev. 2010, 64, 104–122. [CrossRef]

72. Dalla Volta, R.; Avanzini, P.; De Marco, D.; Gentilucci, M.; Fabbri-Destro, M. From meaning to categorization: The hierarchical
recruitment of brain circuits selective for action verbs. Cortex 2018, 100, 95–110. [CrossRef]

73. Berger, L.; Mouthon, M.; Jost, L.B.; Schwab, S.; Aybek, S.; Annoni, J.M. Does Diglossia Impact Brain Structure? Data from Swiss
German Early Diglossic Speakers. Brain Sci. 2024, 14, 304. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bandc.2019.105509
https://doi.org/10.1016/j.neuropsychologia.2020.107563
https://doi.org/10.1016/j.brainres.2015.03.050
https://doi.org/10.1162/jocn_a_01640
https://doi.org/10.1037/xlm0001201
https://doi.org/10.1016/j.brainresrev.2010.03.002
https://doi.org/10.1016/j.cortex.2017.09.012
https://doi.org/10.3390/brainsci14040304

	Introduction 
	Materials and Methods 
	Stimuli 
	Final Stimulus Set 
	Subjects 
	Language Evaluation 
	Procedure 
	EEG Acquisition and Data Reduction 
	Topographic Analysis of Event-Related Potentials 

	Results 
	Behavioral Results 
	Event-Related Potentials 

	Discussion 
	Conclusions 
	References

