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ARTICLE INFO ABSTRACT

The involvement of the motor system in action language comprehension is a hotly debated topic in cognitive
neuroscience and psychology. Recent studies suggest that primary motor cortex (M1) response to action lan-
guage is context-sensitive rather than automatic and necessary. Specifically, semantic polarity (i.e. affirmative/
negative valence) appears to modulate the intensity of this response, which is stronger for affirmative action
sentences. The aim of our study was to examine further the context sensitivity of M1 response. More specifically,
we aimed to determine whether M1 response follows semantic polarity or the core meaning of the sentence using
two-part action sentences containing interacting polarities. Modulations of M1 activity were recorded using
surface electromyography of the first dorsal interosseous muscle of the right hand in 22 healthy participants. Our
results show an increase in M1 activity during the first part of the sentence, regardless of semantic polarity. This
response was then modulated by the polarity of the second part of the sentence, which carried crucial in-
formation regarding the action. These observations suggest that M1 differentially responds to different aspects of
action sentences, one response being automatic and the other following the core meaning of the sentence. Our
results thus contribute to clarifying the nature of the motor response to action language, which is key to develop
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more comprehensive and plausible neurobiological models of language processing.

1. Introduction

In the last two decades, the existence of a response of the motor
system during action language processing has repeatedly been shown
by a large number of groups using various cognitive neuroscience
methods (e.g. [1-7]). However, the precise role of the motor system in
action language processing remains a hotly debated topic (e.g. [8-10]).
The theoretical issue is to determine whether action language proces-
sing is embodied, that is, if the motor system takes part in this semantic
process or not. For the upholders of a strictly embodied cognition,
“specific action representations are activated during action word un-
derstanding” [11], a mechanism that is viewed as automatic and ne-
cessary to action language comprehension [12,13]. A different view
proposes that the motor system does not contain conceptual knowledge
of action [14], and that motor activation is due to a spreading from
semantic processing areas [5].

Zwaan [10] has proposed that this question will be solved by in-
vestigating the conditions under which the motor system is involved in
language comprehension. Attentional, lexical, emotional and linguistic
contexts have been shown to have an influence on motor response
[1,15-17]. Specifically, semantic polarity (ie., affirmative/negative
valence) is a linguistic factor that modulates the amplitude of the motor

response during action language processing. For instance, paired-pulse
transcranial magnetic stimulation (TMS) applied over M1 during pas-
sive reading of action and control sentences induced a modulation of
motor evoked potentials for affirmative action sentences only [18].
Furthermore, by measuring variations in finger pressure, Aravena and
colleagues showed that listening to action verbs induces a motor re-
sponse when they are embedded in affirmative sentences (e.g. “Fiona
lifts her luggage”), but not in negative sentences (e.g. “Fiona does not lift
her luggage”) [1], thereby confirming that semantic polarity can
modulate motor responses during action verb processing. Further
characterization of the flexibility of the motor response to action lan-
guage as a function of polarity will lead to a better understanding of the
role of the motor system in action language processing.

The aim of this study was to investigate the time-course of M1 re-
sponse during the processing of two-part action sentences containing
interacting polarities in two different experiments. In study 1, we de-
veloped and validated the experimental material that was used in study
2. In study 2, using time-locked electromyography (EMG), we recorded
hand motor activity, a proxy for M1 activity, during passive listening of
two-part action sentences, composed of a prepositional phrase and a
main clause, each containing an action word. Polarity was modulated in
the prepositional phrase (Positive, Neutral and Negative) and in the
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main clause (Affirmative, Negative). This experimental design allowed
us to investigate whether M1 response strictly mirrors polarity
throughout the sentence processing, or whether it follows the main
polarity of the sentence, conveyed by the main clause. If the polarity of
each sentence part modulates the motor cortex response, it would
suggest that M1 responds automatically to the polarity context of action
language, regardless of the core meaning of the sentence. If, however,
the motor response is solely modulated by the main-clause polarity, it
would be evidence that this response follows the core meaning of action
sentences.

2. Study 1

This preliminary study aimed to validate the sentences used in the
main experiment (study 2), by determining whether they were se-
mantically understandable and plausible.

2.1. Participants

Healthy native speakers of Canadian French were recruited through
emails sent to Université Laval students and employees, employees of
CERVO, as well as posters distributed in the community. All partici-
pants were right-handed [19], had normal or corrected-to-normal vi-
sion and no self-reported history of speech, voice, language or neuro-
logical disorder. Participants were screened for cognitive functioning
(score =26/30) using the Montreal Cognitive Assessment (MoCA) [20].
Normal hearing (< 25 dB of hearing loss) was assessed via pure-tone
audiometry (PTA) at 0.5, 1 and 2 kHz using an AC40 Interacoustics
clinical audiometer in a soundproof room. Informed written consent
was obtained for each participant. The study was approved by the
Committee on Research Ethics of CERVO (project #2013-349). Two
participants were excluded from the semantic judgment task analyses
because their performance differed from the group performance by
over = 3 SD of the group mean. The final group consisted of eighteen
(18) participants (mean age 26.82 years *= 6.93; range 20-40 years;
11 women).

2.2. Stimuli

All stimuli were produced by a 24-year-old female Canadian French
speaker in a double-walled soundproof room. Stimuli were 240 audi-
tory two-part manual action sentences containing a noun in the pre-
positional phrase and a manual action verb in the main clause (e.g.
“Avec ses ciseaux, Sarah découpe le journal”/“With her scissors, Sarah
cuts the newspaper”). Ten different action word pairs were created that
consisted of matching tool nouns and manual action verbs (e.g. “scis-
sors” and “cuts”) that were conjointly used in 160 sentences. Ten ac-
tion-neutral nouns (e.g. “kitchen”) were used in the remaining 80 sen-
tences and were randomly matched to the main clause manual action
verb. All nouns were two-syllable long. Half of the manual action verbs
were one-syllable words while the other half were two-syllable long.
The spoken frequency of occurrence of nouns and verbs was controlled
using the French database Lexique [21]. The frequency of occurrence of
tool nouns and manual action verbs did not significantly differ (t
9 = —3.48, p = 0.74, d = 0.18), neither did the tool and neutral-ac-
tion nouns (t (o) = —2.029, p = 0.07, d = 0.91), or the neutral-action
nouns and manual action verbs (t o) = —2.053, p = 0.07, d = 0.93).
Semantic polarity was manipulated (Fig. 1a). Specifically, prepositional
phrases were either positive (e.g. “Avec ses ciseaux”/“With her scis-
sors”), neutral (e.g. “Dans la cuisine”/“In the kitchen”) or negative (e.g.
“Sans ses ciseaux”/“Without her scissors”), while main clauses were
either affirmative (e.g., “..., Sarah découpe le journal”/“ ..., Sarah cuts
the newspaper”) or negative (e.g., “..., Sarah ne découpe pas le journal”/
“ ..., Sarah does not cut the newspaper”). In this validation study, each
participant was presented with 180 of the 240 sentences. The stimuli
were pseudo-randomized across participants.
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2.3. Procedure

Participants were comfortably seated in a Faraday, double-walled
soundproof room, facing a computer screen. They were instructed to
answer as rapidly as possible by pressing one of two buttons on a
Cedrus response pad RB-830 (Cedrus Corporation, San Pedro, USA)
with their index and middle fingers of the right hand. Participants were
asked to make two judgments on the sentences in separate runs: a se-
mantic judgment and a plausibility judgment. In the semantic judgment
task, participants were asked to determine whether an action was car-
ried out or not in each sentence. In the plausibility task, they were
asked to indicate whether they were surprised by the outcome of the
sentence. Stimuli were presented auditorily through a high-quality
headset (Beyerdynamic, DT 770 Pro, Heilbronn, Germany) at an in-
dividually adjusted intensity.

2.4. Data analysis

For each task, a 2-way repeated-measure analysis of variance (3 X 2
ANOVA) with prepositional-phrase polarity (positive, neutral, negative)
and main-clause polarity (affirmative, negative) as within-subject fac-
tors was performed on the percentage of correct responses using SPSS
(IBM) for Macintosh (version 23).

2.5. Results

In the semantic judgment task, the percentage of correct responses
(mean 98.36%; SD 3.37) showed no significant effect of prepositional-
phrase polarity (F (30) = 0.23, p = 0.80, npz = 0.02), or main-clause
polarity (F 1,15y = 0.38, p = 0.55, ’7p2 = 0.03), nor any significant in-
teraction effect (F 5,30y = 1.21, p = 0.31, npz = 0.08). In the plausi-
bility task, percentage of correct responses (mean 58.01%; SD 31.48)
showed no significant effect of prepositional-phrase polarity (F
2,34 = 0.86, p = 0.43, qu = 0.05), or main-clause polarity (F
@17 = 0.18, p = 0.68, ”PZ = 0.01), nor any significant interaction ef-
fect (F (2,349 = 1.19, p = 0.32, n,°> = 0.07).

2.6. Discussion

Study 1 demonstrated that the sentences are well understood.
Although results from the plausibility task showed that sentences were
moderately surprising, the semantic judgment task revealed that sen-
tences were very well understood. Importantly, semantic and plausi-
bility judgments did not vary across conditions, revealing that clause
polarity does not influence the comprehension of the sentences. Thus,
theses analyses validate the use of these sentences in the main experi-
ment (study 2).

3. Study 2
3.1. Participants

Participants were 26 native speakers of Canadian French, recruited
through emails sent to Université Laval employees and students, em-
ployees of the Institut universitaire en santé mentale de Québec, and
flyers distributed in the community. Inclusion and exclusion criteria, as
well as the preliminary auditory and cognitive assessments were iden-
tical to those of study 1. Two participants were excluded due to tech-
nical difficulties, one for a lack of task compliance and one during
statistical analyses (see Section 3.5.2). The final group consisted of 22
participants (mean age 35.27, SD = 9.19; range 21-50 years of age; 11
women). Informed written consent was obtained. The study was ap-
proved by the Committee on Research Ethics of CERVO (project #2013-
349).
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a.
prepositional-phrase Main-clause
polarity polarity
Positive Avec ses ciseaux, découpe le journal. Affirmative
With her scissors, / cuts the newspaper.
Neural Dans la cuisine, Sarah
Inthe kitchen,
Negative Sans ses ciseaux, ne découpe pas le journal. Negative
Without her scissors, does not cut the newspaper.
L—— Prepositional phrase 1L Main clause !
b- Time windows
N-2 N-1 N1 N2 N3 N4 V-4 V-3 V-2 V-1 V1 V2 V3 \Z V5
Avec ses | ciseaux .
With her scissors Sarah découpe le JOUfnaI
Sarah cuts the newspaper
Dans la |cuisine
In the kitchen -
Sarah ne | découpe pas le journal
Sans ses Clseaux Sarah does not | cut the newspaper
Without her scissors
-300 -150 0 150 300 450 600 -600 -450 -300 -150 0 150 300 450 600 750

Time points relative to noun onset

Time points relative to verb onset

Fig. 1. Stimuli. A. Sentence structure. Each sentence part contained a target word (in bold) and varied in terms of polarity: from positive, to neutral and negative in the prepositional
phrase, and from affirmative to negative in the main clause. B. Time-windows. The EMG signal was analyzed in time-windows of 150 ms, created from the onset of the noun in the
prepositional phrase and of the action verb in the main clause. Because two time-points were used to create the time-windows, a small time-window (less than 100 ms) between N4 and V-

4 could not be included in the analysis.

3.2. Procedure

Participants were seated in a Faraday, double-walled soundproof
room, facing a computer screen. The task consisted in passive listening
of 240 sentences (Supplementary material S1) described in section 2.2.
Stimuli were pseudo-randomized for each participant and presented
auditorily through a high-quality headset (Beyerdynamic, DT 770 Pro,
Heilbronn, Germany) at an individually adjusted intensity. A visual
distractor task was presented to drive participants’ focus away from the
auditory sentences. It consisted in a blue triangle shown on a black
screen that flashed in ~17% of trials. Participants were instructed to
move the left foot at each triangle flash in a rapid heel-lifting move-
ment. The task lasted for approximately 20 min.

3.3. EMG data acquisition

Throughout the task, physiological data were acquired using a
multi-channel surface EMG system (MP150, Biopac Systems Inc, Goleta,
CA, USA), measuring the electrical potential reaching muscles in the
right hand and left leg. Small bipolar surface electrodes (4 mm Ag-AgCl
isolated electrodes) were taped on participants’ skin. Pairs of electrodes
were placed (1) approximately 1 cm apart on the first dorsal inteross-
eous (FDI) muscle of the right hand to monitor hand motor responses,
and (2) on the medial head of the gastrocnemius muscle of the left leg
to monitor participants’ focus on the distractor task. The ground elec-
trode was placed on the right elbow. Trials containing leg movements
were excluded from statistical analyses. EMG signal was amplified on-
line (x 5000) and acquired with a sampling rate of 1000 Hz with a
500 Hz low-pass anti-aliasing filter. Participants held a small 100 mg
weight between the first thumb phalanx and second index phalanx in a
relaxed arm position (Supplementary materials S2), thus generating a
light and constant contraction of the right FDI.

3.4. Data analysis

3.4.1. EMG signal pre-processing

EMG signal was exported from Acgknowledge, version 4.3 (Biopac
Systems Inc, Goleta, CA, USA) and pre-processed using Matlab, version
2014b (Mathworks Inc, Natick, MA, USA) on an IMac computer running
OS 10.9. The signal was filtered using a 10 Hz high-pass filter. A
55-65 Hz notch filter was used to remove electrical noise and a 9-point
moving average was applied to smooth the signal. An artifact rejection
process led to the discarding of 1.74% of all trials (ranging from 0% to
8.33% per participant). Trials were discarded if (1) EMG signal pre-
sented an absence of signal for a duration of 5ms or more, (2) slow
waves were detected (3) a leg movement occurred, and (4) a hand
contraction was detected, which was defined as a 50 ms burst of an
amplitude at least twice larger than the preceding 50 ms. Next, the
signal was rectified using a root mean square function, and baseline
corrected by converting EMG signal in the epochs of interest into a
percentage of change (((a — b)/b) * 100), where a is the EMG sample
value in mV, and b the mean baseline value in mV. Mean baseline va-
lues were extracted from the period of 150 ms preceding the stimuli.

3.4.2. Statistical analyses

The normality of data in each experimental condition was graphi-
cally assessed for each participant and at the group level. At the subject-
level, trials with signal amplitude of = 2 SD from the mean of the
condition were discarded; 0.20% of trials was excluded. At the group
level, one outlier (i.e., a participant with a mean amplitude of = 3 SD
from the group mean in at least one condition) was discarded.

The EMG signal recorded during each sentence was split into fifteen
(15) 150 ms time-windows (Fig. 1b), with N1 starting at the onset of the
noun, and V1 at the onset of the action verb. To test for a habituation
effect, the first and third parts of the experiment were separated. A 4-
way (2 x 15 X 2 X 3) repeated-measure ANOVA with Part (Partl,
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Fig. 2. Main effect of time. Group-level time-course of the EMG signal (in percentage of change from baseline).
_ * Table 1
6 Statistical results for the ANOVA. Inferential statistics for all effects and interactions re-
vealed by the 3 X 2 ANOVA.
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(@)] Tested effect/interaction ddl ddl (error) F p np2
© € 4
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Fig. 3. Main effect of main-clause polarity. Group-level EMG signal as a function of main- Part X Prepositional-phrase 2 44 0.301 0.742 0.013
clause polarity. Error bars represent the standard error of the mean percent change in polarity x Main-clause polarity
EMG signal (SE). Asterisks indicate significance at p < 0.05. Time X Prepositional-phrase 28 616 0.699 0.876 0.031
polarity x Main-clause polarity
Part X Time X Prepositional-phrase 28 616 0.488 0.988 0.022

Part3), Time (N-2, N-1, N1, N2, N3, N4, V-4, V-3, V-2, V-1, V1, V2, V3,
V4, V5), Prepositional-phrase Polarity (Positive, Neutral, Negative) and
Main-clause Polarity (Affirmative, Negative) as within-subject factors,
was performed on the percent EMG signal change using SPSS 23 (IBM)
for Macintosh. Post-hoc tests were conducted to decompose significant
interactions. Measures of effect sizes are provided in the form of partial
eta squared (npz) for F-tests, and Cohen d statistics when comparing two
means.

3.5. Results

A significant main effect of Time was found (F (14308) = 4.71,
p = 0.00, npz = 0.18), indicating an increase of the EMG response
during the V1 time-window (Fig. 2). A significant main effect of Main-
clause Polarity was also found (F (1 20y = 5.00, p = 0.04, '7p2 = 0.19),
indicating that the EMG response was higher for affirmative than for
negative main-clause sentences (Fig. 3). Finally, results revealed a
significant interaction between Time and Main-clause Polarity (F
(14,308) = 1.89,p = 0.03, ’1p2 = 0.08), which showed a difference in the
time-course of the EMG response for affirmative and negative main-
clause sentences, starting during V3 (Fig. 4). There was no effect of Part
(F 1,22y = 0.99, p = 0.33, npz = 0.04), indicating that either there was
no habituation effect or that it occurred too rapidly after the beginning
of the task to have an impact on the EMG signal. Complete ANOVA

10

©

polarity x Main-clause polarity

results are reported in Table 1. Post-hoc results are provided in Table 2
for the Time effect and in Supplementary materials S3 for the Time x
Main-clause Polarity interaction.

4. Discussion

The main objective of our study was to characterize the time-course
of M1 response to passive presentation of two-part action sentences
with interacting polarities. Specifically, we asked whether M1 response
varied online as a function of the polarity of each sentence part (i.e.
prepositional phrase and main clause), or whether it followed the main
polarity of the sentence, conveyed by the main clause. Our main find-
ings are that (1) the EMG recorded an automatic response of M1 during
the prepositional phrase regardless of its semantic content and (2) this
EMG response was then modulated by the polarity of the main clause
regardless of the prepositional phrase polarity. Specifically, the EMG
response was weaker for negative than for affirmative main clauses.
These findings will be discussed in light of theories of embodied and
disembodied cognition.

As above-mentioned, a response occurred during the prepositional
phrase, regardless of its semantic polarity. This effect occurred early
and was present in all the sentences. Anticipation is a well-known effect

o)
e
Sg 6 1
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@ : 4 A
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Sy 2
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£o . . . . . : ! . . . . .

J N-2 N-1 N1 N2 N3 N4 V-4 V-3 V-2 V-1 \al V2 V3 V4 V5

Time-windows

Fig. 4. Interaction between time and main-clause polarity. Modulation of the time-course of the EMG signal for affirmative (black line) and negative (grey line) main-clause sentences.
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Statistical results for the time effect. Rounded-up p-values of Student t-tests for the contrast of all pairs of time-window. Bold characters indicate p-values that were significant before false
discovery rate (FDR) correction and the asterisk indicates p-values that remained significant after FDR correction.

N-2 N-1 N1 N2 N3 N4 V-4 V-3 V-2 V-1 V1 V2 V3 V4 V5

N-2 0.89 0.90 0.46 0.58 0.18 0.07 0.02 0.01 0.14 0.90 0.28 0.25 0.19 0.46
N-1 0.74 0.40 0.50 0.16 0.01 0.01 0.06 0.07 0.82 0.15 0.14 0.13 0.43
N1 0.41 0.60 0.18 0.04 0.01 0.03 0.17 0.95 0.25 0.21 0.17 0.51
N2 0.90 0.55 0.02 0.00* 0.00* 0.35 0.75 0.48 0.38 0.27 0.68
N3 0.31 0.05 0.01 0.02 0.33 0.79 0.45 0.36 0.30 0.68
N4 0.01 0.00* 0.00* 0.68 0.39 0.88 0.70 0.55 0.99
V-4 0.43 0.93 0.00* 0.09 0.00* 0.00 0.01 0.08
V-3 0.40 0.00* 0.09 0.00* 0.00 0.01 0.03
V-2 0.00* 0.13 0.01 0.02 0.02 0.07
V-1 0.06 0.67 0.99 0.71 0.72
V1 0.16 0.10 0.13 0.50
V2 0.66 0.53 0.91
V3 0.59 0.76
V4 0.62
V5

in linguistics (for a review, see Ref. [22]. It consists in the prediction of
lexical-semantic and syntactic elements of a sentence based on pre-
viously processed linguistic information. Given that all the sentences
contained an action verb in the main clause, it is likely that this initial
automatic motor response resulted from an anticipation of action, even
in neutral prepositional phrases, which could not be used to predict
whether an action would be performed or not. Since there was no ha-
bituation effect (i.e. no difference in performance between the first and
third parts of the task), this action anticipation must have occurred very
rapidly after the beginning of the task. Anticipation, also called pre-
diction [8,23], has been proposed to constitute a core aspect of em-
bodiment [8] and to participate in action language comprehension
[23]. Thus, within this specific language task, M1 automatically re-
sponded to auditory stimuli in prediction of upcoming action language,
potentially to facilitate its processing.

This automatic M1 response was then modulated by main clause
polarity regardless of prepositional phrase polarity. For affirmative
sentences, the strong M1 response was maintained, while an EMG
signal drop occurred in negative main clause sentences during V3. This
is the time-window that contains the French negation marker “pas”,
which confirms the absence of the execution of an action in the sen-
tence. This suggests that M1 response decreased in relation to the
processing of negation of action. This weaker motor response in relation
to negative semantic context is consistent with previous findings [1,18]
and adds to the growing evidence that semantic context can modulate
the motor response to action language processing (e.g. [1,2,15,24-28]).
Specifically, we show that M1 response was modulated by the core
meaning of action sentences, which is carried by the semantic polarity
surrounding the action verb.

A possible interpretation of this modulatory effect is that the syn-
tactic-semantic processing of action verbs embedded in sentences oc-
curred within M1. This explanation would imply that M1 contains the
representations necessary for action language processing [8] and that it
takes part in the syntactic processing of action language [29]. However,
there is no evidence that M1 plays a role in the complex syntactic-se-
mantic processing of whole sentences. An alternative interpretation is
that the syntactic-semantic processing of action sentences occurred in
an amodal semantic hub, such as the anterior temporal lobe [5,30].
This interpretation could be viewed as disembodied [31], since M1
response is considered subsequent to amodal semantic processing. But it
can also be viewed as moderately embodied, within the framework of
Zwaan’s [10] embodied cognition, defined as the result of interactions
between amodal and modal systems of representations. In our view, the
outcome of the syntactic-semantic processing of action language is
communicated by a semantic hub to M1, which provides the listener
with online motor feedback by activating or inhibiting adequate motor
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representations. The modulation of M1 response can thus be considered
a context-sensitive modal step in the semantic processing of action
concepts. In other words, here we argue that the context-sensitive
nature of M1 response during passive listening of action sentences is not
evidence of the disesmbodiment of language, but, instead, evidence of a
flexible embodied (context-sensitive) semantic system.

Overall, our results support the notion that M1 response to action
language is both automatic and context-sensitive, and specify that this
sensitivity is bound by the processing of the core meaning of the sen-
tence. We interpret both responses of M1 as facilitatory mechanisms
within the semantic processing of action language. In line with previous
studies (e.g [1,2,25,27,28]), our results show the relevance of con-
sidering context in the study of language embodiment. Context, which
according to Zwaan [10], “has been a sleeping giant in the discussion
on embodiment”, could be a methodological and theoretical key to
understanding the mechanisms underlying motor involvement in lan-
guage processing, and more generally, to build more comprehensive
and plausible neurobiological models of language comprehension. Fu-
ture research should focus on determining which other linguistic and
cognitive factors modulate activity in the motor system and whether
different components of this system are distinctly sensitive to these
manipulations.
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