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Abstract 

While action language and motor imagery both engage the motor system, determining 

whether these two processes indeed share the same motor representations would 

contribute to better understanding their underlying mechanisms. We conducted two 

experiments probing the mutual influence of these two processes. In Exp.1, hand-

action verbs were presented subliminally, and participants (n=36) selected the verb 

they thought they perceived from two alternatives. When congruent actions were 

imagined prior to this task, accuracy significantly increased, i.e. participants were 

better able to “see” the subliminal verbs. In Exp.2, participants (n=19) imagined hand 

flexion or extension, while corticospinal excitability was measured via transcranial 

magnetic stimulation. Corticospinal excitability was modulated by action verbs 

subliminally presented prior to imagery. Specifically, the typical increase observed 

during imagery was suppressed after presentation of incongruent action verbs. This 

mutual influence of action language and motor imagery, both at behavioral and 

neurophysiological levels, suggests overlapping motor representations.   
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Introduction 

Comprehending described events is one of the most sophisticated functions of human 

cognition. Over the past several decades, a growing body of literature has provided 

support for an embodied view of language comprehension, suggesting that 

understanding language evokes simulations in the systems of the brain that are used 

for perception and action1–3. According to proponents of this idea, action language 

would automatically and unconsciously solicit a motor representation in order to 

visualize features of described action, such as direction and duration 4–6, as well as the 

effector used 7,8. Some researchers postulate that these motor representations serve 

to more efficiently understand the action described 4,9,10. Consistent with these ideas, 

the comprehension of described actions is often accompanied by changes in motor 

output 11–17,  characterized by the increase of corticospinal excitability in Transcranial 

Magnetic Stimulation (TMS) studies 18–21 or the involvement of motor areas in neuro-

imaging studies 22–26. 

This automatic, implicit, and unconscious motor representation approaches a well-

known process called motor imagery, which is the explicit mental simulation of action 

without concomitant movement 27. During motor imagery, many TMS and imaging 

studies reveal an increase of corticospinal excitability 28–32 and activation of the motor 

network overlapping with that observed during actual movements 33–35. These 

neurophysiological substrates would reflect the elaboration of motor representations to 

form mental motor images 27,36.  

Nevertheless, few studies have directly compared the motor representations engaged 

during motor imagery and action reading. According to some authors, motor 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 9, 2022. ; https://doi.org/10.1101/2022.06.07.495123doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.07.495123
http://creativecommons.org/licenses/by-nc-nd/4.0/


representations triggered during action verb reading correspond to motor imagery in 

an unconscious form 37,38. This raises questions about the neurophysiological similarity 

of these two processes. Yang et Shu (2014)39 report an overlap of brain areas during 

motor imagery and passive action verb reading. However, a contradictory finding is 

reported by Willems et al. (2010)40, who describe these two processes as distinct and 

engaging different motor representations. Given these results, it remains unclear 

whether action language and motor imagery consist of separate processes, or whether 

they rely on the same cognitive process with varying levels of motor network 

involvement. 

The present paper aims to shed new light on this issue by exploring the mutual 

influence of action reading and motor imagery. To assess automatic language 

representations (without any imagery strategies), we opted to use subliminal priming, 

which is a well-known paradigm in cognitive neuroscience 41–43. In a typical subliminal 

priming experiment, words are preceded and followed by masking patterns, making 

them invisible. Behavioral priming experiments have repeatedly shown that subliminal 

words are nevertheless processed unconsciously 44–48 and have even shown 

interference with the simultaneous preparation and subsequent execution of an arm 

extension movement 49. In a first behavioral experiment, we probed whether motor 

imagery could facilitate access to motor representations during action reading, 

consequently helping the perception of subliminal action verbs. In a second 

neurophysiological experiment, we used TMS to test whether the presentation of 

congruent and incongruent subliminal action verbs would modulate the corticospinal 

excitability increase classically observed during motor imagery. If the representations 

generated during action word reading and motor imagery do overlap (at least partially), 

we would expect to see this bidirectional influence. 
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Results and Discussion 

Behavioral Experiment: influence of motor imagery on subliminal action reading 

In experiment 1, thirty-six participants imagined a manual flexion or extension action 

before the subliminal presentation of a congruent or incongruent action verb (or words 

unrelated to action). Then, the participants were instructed to select the verb they 

thought they perceived from two alternatives, as in a forced choice task (e.g.,”I 

squeeze” or “I extend”, see Fig.1). We measured the percentage of correct responses 

and reaction times.  

In Congruent trials, the subliminal action word was congruent with the previously 

imagined action (imagined flexion – “squeeze” presented), whereas in Incongruent 

trials, the subliminal action word was incongruent with the previously imagined action 

(imagined extension – “squeeze” presented). In Trick trials, a word that was unrelated 

to the previously imagined flexion or extension action was subliminally presented, but 

participants still had to select from the two (unpresented) verbs as in experimental 

trials. These trials were included to assess whether participants used a strategy in 

which they chose the verb that best matched the imagined action. Finally, we used 

Control trials (without imagery) to ensure that the word presentation was indeed 

subliminal. For these trials, the percentage of correct responses (52.69 ±11.06%) did 

not differ from chance, i.e. 50% (p=0.154). 

If motor imagery can influence subliminal action reading, we expect to observe an 

increase in correct responses in Congruent trials (or a decrease in correct responses 

for Incongruent trials) in comparison to Trick trials. We analyzed the percentage of 
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correct responses in Congruent and Incongruent trials normalized to that of Trick trials 

(Δ). Results of reaction times are presented in Supplementary section. 

We performed a repeated measures ANOVA with Congruence 

(congruent/incongruent) and Verb type (extension/flexion) as within-subject factors. 

We observed a main effect of Congruence (F1,35=5.150, p=0.029, ηp²=0.128), with 

better performance for Congruent (8.26 ±12.51%) than Incongruent trials (1.78 

±22.46%). We did not observe a significant effect of Verb type (F1,35=0.998, p=0.324, 

ηp²=0.027) nor an interaction between Congruence and Verb type (F1,35=2.722, 

p=0.107, ηp²=0.072) (See Figure 1). These results demonstrate that motor imagery 

can help in perceiving subliminal action verbs, most likely by facilitating access to motor 

representations during subconscious action reading.  

Also, one-sample t-tests showed that Congruent (p <0.001) but not Incongruent 

(p=0.636) trials differed from zero, i.e., Trick trials. During Trick trials, the participants 

imagined an action but non-related action verbs were subliminally presented. This 

result indicates that the congruent association between motor imagery and action verb 

renders the subliminal protocol less subliminal. The greater percentage of correct 

responses during Congruent trials (60.16 ±10.52%) shows that the participants did not 

just pick the action verb they just imagined, but they “perceived” the subliminal action 

verb that was presented (See Supplementary section for % of correct responses in all 

conditions). 

The fact that motor imagery is able to influence lexical access of these action words 

suggests that these two processes indeed share motor representations.  
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 Figure 1: A. Illustration of the procedure, with the position of the participant during the 
subliminal reading and motor imagery tasks. The participants imagined a hand flexion 
and extension or they did not imagine any movements (Control trials). B. Illustration of 
the display for one trial. A trial started with the attentional cross (duration= 300 ms), 
followed by the motor imagery signal (3000 ms), two successively masks (71 ms each; 
Mask 1: %%%%%% and Mask 2: $$$$$$), the subliminal stimuli (29 ms), the two 
masks, and the two alternatives (forced choice task). On congruent trials the subliminal 
action word is congruent with the previously imagined action (imagined flexion – 
“squeeze” presented), whereas on Incongruent trials the subliminal action word is 
incongruent with the previously imagined action (imagined extension – “squeeze” 
presented). On trick trials a word is subliminally presented that is unrelated to the 
previously imagined flexion or extension action (imagined flexion – “people” 
presented), but participants still had to select from the two (unpresented) verbs as in 
experimental trials (“squeeze” or “extend”).  C. Violin plots represent normalized 
performance (Δ on Trick trials). Thick and thin horizontal lines mark mean and SD, 
respectively. ANOVA revealed a congruence effect *=p<0.05. §§§=p<0.001 indicates 
a significant difference from zero (Trick trials).  
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Neurophysiological Experiment: influence of subliminal action reading on motor 

imagery 

In experiment 2, we flipped the order of presentation within the trials, such that the 

action verb was presented subliminally before participants (n=19) imagined the manual 

flexion or extension that was either congruent or incongruent with the previously 

presented verb.  

Single-pulse TMS were delivered over the finger/hand muscle area of the left primary 

motor cortex during motor imagery. Corticospinal excitability was assessed in the form 

of motor-evoked potentials (MEPs) amplitude. In order to probe for muscle-specific 

effects, we recorded MEPs in two muscles involved in flexion movements (Flexor 

Digitorum Superficialis, Flexor Carpi Radialis) and two muscles involved in extension 

movements (Extensor Digitorum Superficialis, Extensor Carpi Radialis). We analyzed 

MEPs for which the muscle action matched the imagined action, i.e., MEPs of FDS 

and FCR when imagining flexion and MEPs of EDS and ECR when imagining 

extension.  

In Control Imagery trials, participants imagined flexion or extension actions after a 

chain of meaningless consonants was subliminally presented. We added Control trials 

without imagery (and without TMS) at the end of the experiment to ensure that the verb 

presentation was indeed subliminal (50.69 ±10.15%, p=0.767). Congruent, 

Incongruent and Control Imagery trials were normalized to MEPs recorded at rest, i.e., 

without imagery nor subliminal verbs. If subliminal action reading can influence motor 

imagery, we expect to observe a modulation of corticospinal excitability in Congruent 

and Incongruent trials in comparison to the Control Imagery trials, for all tested 

muscles.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 9, 2022. ; https://doi.org/10.1101/2022.06.07.495123doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.07.495123
http://creativecommons.org/licenses/by-nc-nd/4.0/


The overall ANOVA revealed a main effect of Congruence (F2,36=5.441, p=0.008, 

ηp²=0.232), which was similar for all muscles, as we did not find any main effect of 

Muscle (F3,54=1.086, p=0.362, ηp²=0.056) nor a Congruence by Muscle interaction 

(F6,108=0.789 p=0.579, ηp²=0.042) (See Figure 2). Paired comparisons with Tukey 

corrections showed larger MEP amplitudes for Congruent (33.07 ±37.37%, p=0.012, 

Cohen’s d= 2.80) and Control Imagery trials (30.35 ±47.96%, p=0.031, Cohen’s d= 

2.09) in comparison to Incongruent trials (11.49 ±31.23%). We did not observe any 

difference between Congruent and Control Imagery trials (p=0.923, Cohen’s d= 0.28). 

One-sample t-tests on normalized MEPs (% rest) yielded significant differences from 

rest for Congruent (p=0.001) and Control Imagery (p=0.012) but not for the Incongruent 

trials (p=0.126). These results demonstrate that language about actions can influence 

our ability to imagine hand movements. It is noteworthy that the visual presentation of 

action verbs, albeit subliminal, was indeed able to modulate the motor system, yielding 

a measurable difference at hand muscles. We confirmed the classic increase of 

corticospinal excitability during motor imagery 28–32,50 (Control Imagery trials). Although 

the subliminal presentation of action verbs congruent with this imagination produced 

no additional increase, this increase was suppressed when incongruent action verbs 

were subliminally presented before imagination.  
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Figure 2: A. Illustration of the procedure, with the position of the participant during the 
subliminal reading and motor imagery tasks. Participants imagined either a hand 
flexion, an extension or they did not imagine any movements (Control without imagery 
and rest trials). The TMS coil was positioned over the primary motor cortex B. 
Illustration of the display for one trial. A trial started with the attentional cross (duration= 
300 ms), followed by two successively masks (71 ms each; Mask 1: %%%%%% and 
Mask 2: $$$$$$), the subliminal stimuli (29 ms), the two masks, and the motor imagery 
signal (3000 ms). TMS pulses were delivered at 300, 350 or 400ms after the motor 
imagery signal. Congruent and Incongruent trials correspond to flexion or extension 
imagination preceded by a subliminal presentation of a congruent or incongruent action 
verb, respectively. Control Imagery trials correspond to flexion or extension 
imaginations after a subliminal presentation of a chain of meaningless consonants 
(e.g.,“tjgkdl”). C. Violin plots represent normalized MEPs (% rest). Thick and thin 
horizontal lines mark mean and SD, respectively. ANOVA revealed a congruence 
effect *=p<0.05. The § symbol indicates a difference from rest. The right side of the 
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panel illustrates raw MEPs of a typical subject (grey lines). The black line is the average 
MEP of the condition for this participant. 

Taken together, the results of these two experiments highlight a mutual influence of 

motor imagery and action reading at both behavioral and neurophysiological levels. In 

Exp.1, percentages of correct responses suggested that participants were better able 

to “see” the subliminally presented word if it was congruent rather than incongruent 

with the action that had been imagined at the start of the trial. We interpret these results 

as facilitation for lexical access to the action verb when the corresponding motor 

representation is already activated or primed from the preceding motor imagery, 

although it is also possible that inhibition occurs when a competing motor 

representation is already activated or primed from the preceding incongruent motor 

imagery. These original results feed the link between cognition and action, a relevant 

step in the comprehension of previous studies suggesting shared brain activation 

patterns between motor imagery and action language 39 or perception 51–54.  This 

reminds interactions at the perceptual level where conscious perception may be 

influenced by mental visual imagery 55–64.  

In Exp.2, we flipped the order of presentation within the trials, such that the action verb 

phrase was presented subliminally before the participant imagined the manual flexion 

or extension. The subliminal presentation appeared as a visual blip before the cue to 

imagine the action, and participants were usually not aware that a verb had even been 

presented.  However, congruent action verbs increased excitability at hand muscles 

compared to rest, while incongruent action verbs suppressed this increase, yielding a 

significant difference between these two conditions. This second experiment provides 

first evidence that subliminal reading of action verbs modulates the neurophysiological 

markers of motor imagery. To note that congruent action verbs did not increase to a 
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greater extent the corticospinal excitability while imagining without action verbs 28–32,50. 

This may be explained by i) a ceiling effect, i.e., MEPs amplitude cannot further 

increase during motor imagery, ii) an absence of congruent priming effect on 

corticospinal excitability or iii) an inhibitory mechanism observed during motor imagery 

65–67, which prevents any extra increase with subliminal priming. 

The results from these two experiments support the idea that motor imagery and action 

language can influence each other at both the neurophysiological and behavioral 

levels, and thus it seems quite likely that these two processes share motor 

representations.   

Material and method 

Experiment 1 

Participants 

Forty-one healthy right-handed individuals (19 females; mean age = 23.92 years-old; 

range 18-35) participated in the experiment. Participants’ handedness was assessed 

by the Edinburgh inventory 68. All subjects were French native speakers without 

neurological, physical and psychiatric pathology.  

Stimuli  

Ten hand action verbs were selected for the experiment, half describing finger and 

wrist extension (e.g., “I extend”), and half describing flexion of these joints (e.g., “I 

squeeze”). These verbs always appeared in the first person present tense. Using the 

Lexique.org database 69, we controlled various psycholinguistic factors between the 
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two sets of verbs (written frequency, number of characters, number of syllables and 

spelling neighbors; see Table 1 for details).  

The Trick trials (Control Imagery condition) consisted of five words that did not evoke 

movement (e.g., “people”; see Supplementary section for details).  This allowed us to 

identify participants who employed a strategy in which they systematically selected the 

verb they just imagined. 

Procedure 

Participants sat in an armchair while stimuli were presented on a 19-inch LCD monitor 

by a home-made software, which also recorded behavioral responses and 

electromyographic activity (10-1000 Hz, Biopac Systems Inc.). Throughout the 

recording, participants were instructed not to move their hands while they imagined 

movements followed by subliminal stimuli. We adapted the subliminal paradigm of 

Dehaene et al.42 with two successively displayed pattern masks (duration=71ms; Mask 

1: %%%%%% and Mask 2: $$$$$$), the subliminal stimuli (duration=29ms), and again 

the same masks. At the end of the trial, two words were presented and the participant 

had to choose which one he/she thought he/she had perceived in the preceding 

subliminal presentation (forced choice subliminal task). In order to avoid interference 

with motor imagery of hand actions, the choice was made by pressing pedals with the 

feet. Each trial started with a fixation cross, followed by a signal indicating to imagine 

hand action, then by the subliminal paradigm before the forced choice subliminal task 

(See Figure 1). 

A familiarization session was conducted before the experimental session, in which 

participants saw eight trials. The experimental session was divided into six blocks with 
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motor imagery and one without (Control task). Each motor imagery block included 30 

imagined trials, yielding 180 imagined trials total in the experiment. For half of the 

blocks, the subject imagined a wrist and finger flexion movement. Conversely, for the 

remaining half, the subject imagined a wrist and finger extension. For example, in the 

three flexion imagery blocks, extension action verbs (e.g., “I extend”), flexion action 

verbs (e.g., “I squeeze”) and control words (e.g., “screen” or “people”) were presented 

subliminally after the motor imagery, corresponding respectively to the Incongruent, 

Congruent and Trick trials. There were the same conditions for the extension imagery. 

Block order was randomized and counterbalanced. 

Data and statistical analysis  

We measured the percentage of correct responses at the forced choice subliminal task, 

i.e. when the participants selected the verb that was indeed subliminally presented. In 

Trick trials, although neither of the two choices had been presented, we considered a 

response “correct” when the action verb just imagined was selected (only non-related 

action verbs were presented). To eliminate imagery strategies, we excluded 

participants that nearly always (≥85%) selected the verb that matched the imagined 

action in Trick trials (not reflecting a possible effect of real verb perception). This 

resulted in the exclusion of 5 participants. 

Then, performance (% correct responses) for Congruent and Incongruent trials was 

normalized to Trick trials (Δ). Reaction times (RT) for the forced choice task reflected 

the time between the presentation of the two alternatives on the screen and the pedal 

press. RTs in experimental conditions were normalized to the mean of RTs on Trick 

trials (see Supplementary section). Statistics and data analyses were performed using 

the Statistica software (Stat Soft, France). Normality and sphericity of the data were 
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checked with Shapiro-Wilk and Mauchly tests, respectively. The data are presented as 

mean values (±standard deviation) and the alpha value was set at 0.05. 

Experiment 2 

Participants 

Twenty healthy right-handed individuals (9 women; mean age = 22.57 years-old; range 

18-28) participated in the experiment. Participants’ handedness was assessed by the 

Edinburgh inventory 68. All subjects were French native speakers without neurological, 

physical and psychiatric pathology. Volunteers confirmed their participation with written 

consent at a medical visit before the TMS protocol. The local Ethics Committee 

approved experimental protocol and procedures in accordance with the Declaration of 

Helsinki (CPP 2017-A00064-49). 

Stimuli and procedure 

Stimuli were identical to Experiment 1, except that as a Control Imagery condition we 

used five chains of meaningless consonant letters (unpronounceable in French; e.g., 

“tjgkdl”; see Supplementary section for details), allowing comparisons of Congruent 

and Incongruent trials to this Control Imagery trials without action verbs. 

The procedure was almost identical to Experiment 1, except for two features. First, 

participants performed the motor imagery at the end of the trial, just after the subliminal 

paradigm. Second, we used TMS to probe corticospinal excitability at rest, as well as 

various stimulation delays during the motor imagery task (300, 350, and 400ms after 

the onset of the signal to imagine). These latencies were chosen in order to allow 
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enough time for the subject to imagine while remaining in the optimal window of 

investigating priming effect (0-500ms). 

A familiarization session was conducted before the experimental session, in which 

participants performed ten trials, each starting with a fixation cross, followed 

immediately by two successively displayed pattern masks, the subliminal stimuli, and 

again the same masks before the motor imagery signal. 

The experimental session was divided into six blocks with motor imagery and one 

without (Rest condition). Each motor imagery block included 15 imagined trials, 

yielding 90 imagined trials total in the experiment. For half of the blocks, the subject 

imagined a wrist and finger flexion movement. Conversely, for other blocks, the subject 

imagined a wrist and finger extension. For example, in the three imagined extension 

blocks, Congruent Action verbs (e.g., “I extend”), Incongruent Action verbs (e.g., “I 

squeeze”) and Control Imagery (e.g., “tjgkdl”) were presented subliminally in three 

separate blocks. Block order was randomized and counterbalanced. 

Transcranial magnetic stimulation 

Single-pulse TMS was generated from an electromagnetic stimulator Magstim 200 

(Magstim Company Ltd, Whitland) and using a figure-eight coil (70 mm in diameter). 

The coil was placed over the contralateral left hemisphere to target the motor area of 

the Extensor and Flexor Digitorum Superficialis muscles (EDS and FDS respectively) 

and the Extensor and Flexor Radialis Carpi (ECR and FCR respectively) muscles of 

the right forearm. First, we individually determined the precise stimulation site 

(hotspot), where the MEP amplitude at the four muscles was the highest and the most 

consistent. Then, the resting motor threshold of each participant was determined as 
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the minimal TMS intensity necessary to induce a MEP of 0.05mV peak-to-peak 

amplitude for 5 trials out of 10. During the experimental session, TMS pulses were 

delivered at 120% of the resting motor threshold. 

EMG recording  

The EMG signal was recorded by 10mm-diameter surface electrodes (Contrôle 

Graphique Médical, Brice Comte-Robert, France) placed over the FDS, EDS, FCR and 

ECR muscles of the right forearm. In order to reduce the noise in the EMG signal (< 

20μV), the skin was shaved and cleaned. The EMG signals were amplified and 

bandpass filtered on-line (10-1000 Hz, Biopac Systems Inc.) and digitized at 2000 Hz 

for off-line analysis. We measured the EMGrms signal from each muscle. 

Data and statistical analysis  

EMG data were extracted with Matlab (The MathWorks, Natick, Massachusetts, USA) 

and we measured peak-to-peak MEP amplitude. Data falling 2.5 SDs above or below 

individual means for each experimental condition were removed before analysis 

(1.63%). Then, the average MEP amplitude for each condition (Congruent, 

Incongruent and Control Imagery) was normalized in comparison to Rest condition (%). 

One participant was removed from the final analysis due to extreme values. To ensure 

that MEP amplitudes were not contaminated by muscular pre-activity, we compared 

with an ANOVA the EMGrms (100 ms window before the TMS artifact) between the 

experimental and Rest conditions (see Supplementary section). Statistics and data 

analyses were performed using the Statistica software (Stat Soft, France). Normality 

and sphericity of the data were checked with Shapiro-Wilk and Mauchly test, 
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respectively. The data are presented as mean values (±standard deviation) and the 

alpha value was set at 0.05. 
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