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Embodied cognition theories predict a functional involvement of sensorimotor processes in language under-
standing. In a preregistered experiment, we tested this idea by investigating whether interfering with primary
motor cortex (M1) activation can change how people construe meaning from action language. Participants were
presented with sentences describing actions (e.g., "turning off the light”) and asked to choose between two in-
terpretations of their meaning, one more concrete (e.g., "flipping a switch") and another more abstract (e.g.,
"going to sleep"). Prior to this task, participants’ M1 was disrupted using repetitive transcranial magnetic
stimulation (rTMS). The results yielded strong evidence against the idea that M1-rTMS affects meaning con-
struction (BFp; > 30). Additional analyses and control experiments suggest that the absence of effect cannot be
accounted for by failure to inhibit M1, lack of construct validity of the task, or lack of power to detect a small
effect. In sum, these results do not support a causal role for primary motor cortex in building meaning from

action language.

1. Introduction

How is language processed such that we can understand its content?
And which neural systems underlie this complex operation? Traditional
cognitive models of language comprehension assume that meaning
computation is an amodal process that relies on abstract and arbitrary
symbols (e.g., Fodor, 1975). Nonetheless, there is more and more evi-
dence supporting the view that language is embodied. Under this view,
meaning is grounded by bodily (perceptual and motor) experiences, and
its comprehension stands on detailed mental simulations carried out by
brain regions that support perception and motor action (for reviews, see
Barsalou, 2008; Binder and Desai, 2011; Kiefer and Pulvermiiller, 2012;
Meteyard et al., 2012).

Important evidence for this view comes from functional neuro-
imaging studies. As an example, in their seminal study, Hauk et al.
(2004) found that verbs related to arm, leg, and face actions (e.g.,
“pick”, “kick”, or “lick™) activate respectively the hand, foot, and mouth
portions of the motor cortex in an effector-specific way. Relatedly,
Willems et al. (2010a) showed that, when processing manual verbs,
right-handed people recruited left premotor hand areas, while
left-handers preferentially activated the right premotor cortex (but see

Postle et al., 2008; Watson et al., 2013). Moreover, according to
neurophysiological evidence from EEG and MEG studies, this motor
activation is fast enough to be considered part of meaning access (within
the first 250 ms after word presentation; e.g., Hauk and Pulvermiiller,
2004; Shtyrov et al., 2014; but see Papeo et al., 2009).

However, these correlational results do not speak to the functional
relevance of the motor cortex in meaning representation (e.g., Mahon
and Caramazza, 2008). In response to the need to move beyond corre-
lational data, several studies have tested for a causal contribution of
motor areas to language processing by interfering with motor system
activation during action language comprehension (for a review, see
Ostarek and Bottini, 2021). For instance, Shebani and Pulvermiiller
(2013) found that interfering with motor cortex activity by moving
repeatedly the hands and the feet reduced the retrieval of hand and foot
verbs, respectively. Relatedly, neuropsychological studies on patients
with motor impairment such as Parkinson’s disease (e.g., Boulenger
et al., 2008; Fernandino et al., 2013; Garcia et al., 2018), as well as
lesion symptom mapping studies (e.g., Dreyer et al., 2020; Kemmerer
et al., 2012), suggest that alterations to the motor system negatively
affect the processing of action-related language. Most importantly for
the present work, disrupting the motor and premotor cortex with
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non-invasive brain stimulation techniques such as Transcranial Mag-
netic Stimulation (TMS) or Transcranial Direct Current Stimulation
(tDCS) has also been shown to alter performance in multiple tasks
involving action language (e.g., Birba et al., 2020; Gijssels et al., 2018;
Lo Gerfo et al., 2008; Pulvermiiller et al., 2005; Repetto et al., 2013;
Tremblay et al., 2012; Vitale et al., 2021; Vukovic et al., 2017; Willems
et al., 2011).

Such results have long been considered to be strong evidence for a
causal role of motor brain areas in action language understanding.
Nonetheless, a growing set of studies has started to question the credi-
bility of this literature. For instance, a preregistered and well-powered
study (Montero-Melis et al., 2022) failed in replicating the
above-mentioned Shebani and Pulvermiiller’s study (see also Postle
et al., 2013; Strozyk et al., 2019). Similarly, by evaluating a sample of
patients with lesions to the sensorimotor cortices, Argiris et al. (2020)
reported that this condition does not have a negative impact on the
comprehension of action-related verbs, and comparable results have
been found in Parkinson’s disease patients (e.g., Aiello et al., 2022;
Humphries et al., 2019; Kemmerer et al., 2013) and lesion symptom
mapping studies (e.g., Arévalo et al., 2012; Reilly et al., 2014). As a final
example, we recently meta-analyzed 43 TMS and tDCS studies of motor
cortex stimulation during action language comprehension by means of
p-curve analyses and tests for excess significance (Solana and Santiago,
2022), as well as z-curve analyses (Solana and Santiago, 2023). Our
results suggested that (1) we cannot conclude that these studies explore
real effects, (2) their estimated underlying power is quite low (i.e., the
majority of them may not replicate if repeated identically), and (3) they
contain clear signs of a large publication bias.

Another important caveat regarding this body of research, which has
been mostly overlooked, relates to the validity of its results to infer a
causal contribution of the motor system in computing meaning from
language. Researchers have focused on demonstrating that disturbing
motor activation can quantitatively alter language processing. That is,
affecting reaction time (e.g., Repetto et al., 2013; Vukovic et al., 2017),
accuracy (e.g., Birba et al., 2020; Gijssels et al., 2018), or even recall rate
(e.g., Shebani and Pulvermiilller, 2013; Vitale et al., 2021). Yet, do
subtle changes in this kind of measure really reflect a relevant change in
language comprehension? (Chatterjee, 2010). Such measures are in-
dexes of how difficult it is to access, compute, and retrieve the semantic
information of language. However, they might not tackle directly the
central meaning construction processes that confer meaning its final
form. Accordingly, a more powerful proof in favor of a causal role of the
motor system in language comprehension would be demonstrating that
interfering with the activation of motor brain areas can qualitatively
change meaning itself (see Casasanto, 2023). At the time we conceptu-
alized the present study, no published study had addressed this issue
(but see Togato et al., 2021, for a recent behavioral study assessing a
similar question). The present study aimed to test the causal involve-
ment of the primary motor cortex (M1) in action language comprehen-
sion, given the inconclusive results in the literature. And specifically, to
assess whether interfering with M1 activation can qualitatively change
the meaning that people construe from language.

How can meaning change in response to the interference? According
to several theories, such as the Construal Level Theory (Trope and Lib-
erman, 2010) or the Action Identification Theory (Vallacher and
Wegner, 1987), actions (e.g., “voting™) can be construed in either a more
concrete or a more abstract way. Concrete representations are focused
on the lower-level, sensorimotor details of the action (e.g., “marking a
ballot”), while abstract ones rely on higher-level aspects such as the
goals and the consequences of the act (e.g., “influencing an election™).
From some influential versions of embodiment theory, it follows that a
possible role for the cortical motor system in language comprehension is
to represent and simulate the motoric, experience-related, and thus
more concrete aspects of the meaning of language (e.g., Barsalou, 1999,
2008; Pulvermiiller, 2005). Returning to our example, these theories
would predict that while processing the meaning of “voting”, people
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engage in a simulation of the movements required for “marking a bal-
lot”. That way, the same neural tissue used to perform those manual
movements (i.e., the hand areas of the brain) would also be involved in
shaping meaning (Bergen, 2015). If so, we believe that interfering with
motor system activation during action language comprehension should
alter the level of abstraction at which meaning is construed.

To test this idea, participants were presented with sentences con-
taining foot actions (e.g., “braking a car”) or hand actions (e.g., “turning
off the light”) and chose between two different interpretations of the
same action: one interpretation was more concrete (e.g., “flipping a
switch”) and the other one was more abstract (e.g., “going to sleep”). To
interfere with motor system activation, before the task, low-frequency
repetitive TMS (rTMS) was applied over the hand portion of their left
primary motor cortex (M1). A control group received active stimulation
to the vertex. This stimulation protocol has been shown to inhibit the
proper functioning of a neural population (including M1; Chen et al.,
1997), making it a well-established method to test the causal contribu-
tion of a certain brain region to a particular cognitive process (for a
review, see Polania et al., 2018). Indeed, several previous rTMS studies
supporting embodiment have employed this protocol (e.g., Lo Gerfo
et al., 2008; Repetto et al., 2013; Tremblay et al., 2012). Left M1 was
selected as target since it is the region most studied and supported by
previous r'TMS studies of embodied language processing (e.g., Lo Gerfo
et al., 2008; Repetto et al., 2013; Vukovic et al., 2017; for review, see
Solana and Santiago, 2022).

If primary motor cortex is causally involved in computing the more
concrete features of the meaning of action language (e.g., see Pulver-
miiller, 2005), we hypothesized that inhibiting the hand motor area of
the brain would prevent participants from simulating the concrete de-
tails of the meanings of sentences describing hand actions. Therefore, we
predicted a greater proportion of abstract interpretations for hand sen-
tences in the M1-rTMS condition, as compared to the vertex control
condition. Since the effect was expected to be effector-specific (e.g.,
Pulvermiiller et al., 2005; Shebani and Pulvermiiller, 2013) we pre-
dicted no changes in foot sentences.

In addition, as a manipulation check for motor cortex inhibition, we
recorded motor-evoked potentials (MEPs) from the first dorsal inter-
osseous muscle of the hand (FDI) before the stimulation and after
completing the task (Chen et al., 1997; Huang et al., 2005). Proper in-
hibition of motor cortex should decrease MEP amplitudes at the end of
the task (compared to before the stimulation) for the M1 stimulation
group, but not for the vertex group. To the best of our knowledge, this is
the first rTMS study in the embodied language literature implementing
this manipulation check. Also for the first time in this literature, we
preregistered the hypotheses, sample size, design, exclusion criteria, and
analysis plan of the study. Moreover, we share the materials, raw data,
and analysis scripts as well. These practices will help the interpretation
of any possible results and assist future replications and meta-analyses.

2. Main experiment: rTMS
2.1. Transparency and open practices

Materials, raw data, and analysis scripts are available at the
following Open Science Framework (OSF) repository: https://osf.io/qrh
mu. All details of the study were preregistered prior to data collection:
https://aspredicted.org/cz2y5.pdf.

2.2. Methods

2.2.1. Sample size justification

The novelty of the experiment made it impossible to estimate an
effect size based on prior literature. Therefore, considering our re-
sources, we decided to set a maximum sample size of 40 participants (20
per group, as recommended by Simmons et al., 2011). However, we
added some additional constraints. Following the logic of sequential
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analyses (Wald, 2004; see also Lakens, 2014), we planned to stop data
collection at N = 30 and test the key interaction at « = 0.03. If it were not
significant, we would compute a Bayes factor (BF) to assess the evidence
towards the absence of interaction (e.g., see Dienes, 2014). If the BF
supported the null hypothesis with a BFy; > 3, we would stop collecting
data (Schonbrodt and Wagenmakers, 2018). If not, we would continue
until reaching N = 40 and test the interaction at @ = 0.02. By estab-
lishing this conditional stopping rule, we keep Type I error at the desired
level of 5%.

2.2.2. Participants

Thirty-three right-handed, native Spanish speakers participated in
the experiment. However, as preregistered, three of them were excluded
since we were unable to establish their motor threshold. This left us with
the preregistered sample size of thirty participants (Mage = 23.1, SDzge =
4.14; 5 men). It is worth noting that this sample size is greater than most
of the samples used in previous rTMS studies of embodied language
comprehension, which usually range between 15 and 20 participants
(see Solana and Santiago, 2022). Following our preregistered plan, we
did not reach N = 40 since the BF indicated strong evidence towards the
absence of effect with N = 30 (see section 2.3).

All the participants took part in the study voluntarily after signing an
informed consent and were compensated with an economic reward
(10€/hour). Following the standard safety requirements to undergo TMS
studies (Rossi et al., 2021), all the participants were screened before the
experiment to make sure that none suffered from any neurological,
psychiatric, or psychological condition, or any other that precludes their
participation. The study was approved by the Ethics Committee on
Human Research of the University of Granada (#697/CEIH/2018).

2.2.3. Materials

The construction of the materials was inspired by the Behavioral
Identification Form (BIF; Vallacher and Wegner, 1989), considered the
most valid instrument to measure abstraction level (Mac Giolla et al.,
2022). First of all, we created 120 sentences in Spanish. 70 of them
described actions usually carried out with the hands/arms (e.g., “turning
off the light”), while the remaining 50 referred to actions related to the
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feet/legs (e.g., “braking a car™). Each sentence was accompanied by two
interpretations: one more concrete and another more abstract. For
example, the interpretations of the above-mentioned sentences were
“flipping a switch” and “stepping on a pedal” (concrete), and “going to
sleep” and “reducing risk while driving” (abstract).

These materials were presented to 172 native Spanish speakers in an
online norming study. None of them took part in the main experiment.
They were visually presented with the 120 sentences (paired with their
interpretations) and asked to decide which interpretation, in their
opinion, described better the meaning of each sentence. Sentence order
was randomized. Two different lists were created to counterbalance the
position of each response option on the screen. Then, we computed the
proportion of choice of the abstract interpretation for each sentence and
selected those with proportions near 50% (ranging between 40% and
60%) to create the final set of stimuli. This was done to avoid ceiling or
floor effects in the rTMS experiment and thus make it easier to detect an
effect in any direction. The final set of stimuli contained 40 sentences: 20
hand sentences and 20 foot sentences. Four extra sentences which did
not fit our requirements were used for the practice block of experiment.
All the experimental sentences can be consulted at the OSF repository.

2.2.4. Behavioral procedure

In each trial (Fig. 1 bottom), participants saw a blank screen and
were presented an action description auditorily through headphones.
Two hundred milliseconds after the end of the action description, the
blank screen was replaced with the two interpretations, one above the
other. The top interpretation was labelled as "1” and the bottom inter-
pretation as "2". Participants were asked to decide, without time limit,
which interpretation they considered more appropriate for describing
the meaning of the given action. They were instructed that both in-
terpretations were equally valid. Once they had their choice, they
verbally communicated the corresponding number to the experimenter,
who inputted the number in a keyboard, out of participants’ sight. This
prevented participants from using their hands, which may affect motor
cortex activation. Before the next trial, another blank screen appeared
during a random interval between 200 and 1000 ms.

The experiment comprised one single block of 40 trials (one per

rTMS
[ Pre-TMS MEPsJ TASK
Practice 1202 ﬂ”'ses G Post-TMS
: z x40 trials
Block rMT establishment e ie MEPs
Target region location . il
20 min
Y () 4% ah
L 4 L 4 \K 4

1. Abstract
2. Concrete

Fig. 1. Procedure of the behavioral task (bottom) and summary of the experimental session (top).
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sentence). Sentence order was randomized. Half the trials presented the
concrete interpretation on the upper part of the screen and the abstract
interpretation below, while the other half presented the abstract inter-
pretation above and the concrete below. The vertical location of the
concrete and the abstract interpretation for each sentence was coun-
terbalanced among participants using two lists of items.

Before undergoing the stimulation, participants completed a brief 4-
trial practice block of the task. This was done to make sure the partici-
pants understood the instructions before the complete version of the task
was presented and, consequently, to take the maximum advantage of the
duration of cortical inhibition. After that, participants received the
stimulation (section 2.2.5) and, immediately after, completed the
experimental trials (as in previous rTMS studies supporting the
grounding of action language in the motor cortex; e.g., Lo Gerfo et al.,
2008; Repetto et al., 2013; Tremblay et al., 2012). Some studies
recommend leaving a short delay between the end of the stimulation and
the beginning of the subsequent cognitive task. Otherwise, the neural
changes expected to occur after the stimulation may be canceled, or
even reversed (see Gentner et al., 2008; Hartwigsen and Silvanto, 2023).
Even if participants started the task immediately after the stimulation,
we are confident about the inhibitory effects of rTMS, as they were
significantly observed in the MEP manipulation check (for details, see
section 2.3).

2.2.5. rTMS protocol

The stimulation session began by determining the participant’s
resting motor threshold (rMT). To do so, we first searched for the
location of the participant’s right-hand representation in left primary
motor cortex (M1). We determined the hand M1 area as the hotspot
evoking the highest motor evoked potential (MEPs) amplitudes for the
first dorsal interosseous (FDI) muscle of the right hand. MEPs were
recorded using snap surface electrodes (Natus Neurology). Then, we
established the participant’s rMT, defined as the minimum intensity
value that elicited MEP amplitudes greater than 50 pV in five out of ten
consecutive pulses (Rossini et al., 2015). The mean rMT was 63.1% (SD
= 6.55) for the M1 group, and 68.23 % (SD = 5.34) for the vertex group.
These values are consistent with those reported in previous studies, both
from our laboratory (e.g., Martin-Signes et al., 2019) and other labora-
tories (e.g., Boyd and Linsdell, 2009), using the same TMS stimulator
and EMG recorder.

Participants were randomly assigned to one of two experimental
groups. Both groups completed the same experimental session (Fig. 1
top) but differed in where the stimulation was applied: the hand area of
the left hemisphere M1 (N = 15) or the vertex (N = 15). In alignment
with previous brain stimulation studies on embodied language
comprehension (e.g., Birba et al., 2020; Lo Gerfo et al., 2008; Repetto
et al., 2013), the hand M1 area was defined as the same hotspot used to
establish the rMT. The vertex was defined following the 10-20 system
guidelines as the intersection between the midpoint of the line con-
necting the preauricular points of the left and right ears and the
midpoint between the nasion and inion (Trans Cranial Technologies,
2012). The vertex was used as an active control site for M1 stimulation
since stimulating this region is expected to have no effect on language
comprehension (e.g., Harpaz et al., 2009; Tomasino et al., 2008), while
mimicking tactile sensations and noise of M1 stimulation. We decided to
implement a between-group design (instead of a within-participant
design) since we did not want to expose our participants with the
same stimuli twice, and we did not have enough sentences to create two
parallel versions of our task.

The stimulation was delivered by means of a biphasic repetitive
stimulator (Super Rapid 2, Magstim, Whitland UK) and a 70-mm TMS
figure-of-eight coil (Magstim, Whitland UK) which was held tangentially
to the skull with the axis of the coil angled 45° from the mid-sagittal axis
(lateral to medial and caudal to rostral). A TMS neuronavigation system
(Brainsight; Rogue Systems, Montreal, Canada) was used to maximize
spatial precision. During rTMS, the coil was controlled by a robotic arm
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(TMS Robot; Axilum Robotics). The stimulation sequence corresponded
to a low-frequency repetitive TMS (rTMS) protocol (Chen et al., 1997).
More specifically, it consisted of two trains of 600 pulses applied at a
frequency of 1 Hz with an inter-pulse interval of 1 s (1200 pulses in total
for 20 min). The stimulation was delivered offline (i.e., before the task)
and at 100% of each participant’s rMT. In spite of its long duration, we
decided to use this protocol, instead of a shorter but higher-frequency
protocol such as theta-burst stimulation (TBS; Huang et al., 2005),
because we consider the present one much more comfortable for the
participants. In fact, none of the participants reported any discomfort,
and all confirmed that they felt well enough to complete the behavioral
task.

Importantly, this TMS protocol is expected to reduce corticospinal
excitability for at least 15 min (e.g., Chen et al., 1997; Muellbacher et al.,
2000), which ought to guarantee the proper inhibition of M1 until the
end of the behavioral task, which lasted around 10 min. Yet, as a direct
manipulation check for M1 inhibition, we recorded pre- and
post-stimulation MEPs from the FDI muscle (Chen et al., 1997; Huang
et al., 2005). The ten MEPs used to set participants’ rMT were taken as
pre-stimulation MEPs. Post-stimulation MEPs were obtained by applying
ten extra pulses over M1 immediately after finishing the behavioral task
(to make sure that M1 was inhibited until the end of the task). It is
known that both motor and cognitive activity can modulate MEPs (e.g.,
Buccino et al., 2005; Gentner et al., 2008). Yet, since participants did not
produce manual responses during the task, post-stimulation MEPs were
unaffected by this potential confound. More generally, any differences in
post-stimulation MEPs between the experimental and control groups
cannot be attributed to any aspect of the protocol other than the stim-
ulation site (e.g., the lack of a rest period between the end of the task and
the measurement of MEPs) because, besides that, both groups under-
went the exact same protocol.

2.2.6. Design and data analysis

As preregistered, we conducted two different analyses: one for the
behavioral results from the meaning construction task, and another for
the pre-post stimulation MEP amplitudes. All the analyses were carried
out in R (R Core Team, 2021). Raw data and data scripts are available at
the OSF repository.

2.2.6.1. Main analysis: meaning construction task. There was one within-
participant factor: Sentence Type (hand vs. foot action), and one
between-participant factor: TMS Group (M1 vs. vertex stimulation). We
also included the individual differences in MEP amplitudes between the
pre- and the post-stimulation as a covariate (MEP Differences hereafter).
The dependent measure was the proportion of choice of the abstract
interpretation.

Data were analyzed following the preregistered plan by means of
mixed-effects models using the Ime4 package (Bates et al., 2015). This let
us take into account the variability due to both participants and sen-
tences simultaneously and without data aggregation, which reduces the
likelihood of obtaining false-positive results, increases power, and yields
more generalizable results (Baayen et al., 2008). Because our dependent
variable is binomial (i.e., choosing one or another interpretation), we
used generalized mixed models with a logit link (Jaeger, 2008).
Following Barr et al. (2013), we started with the maximal model justi-
fied by the design in order to reduce Type I errors. The fixed term of this
model included Sentence Type, TMS Group, MEP Differences, and all
their possible interactions. The random term included random intercepts
for Items and Participants, as well as the slope of the fixed factors that
varied over their corresponding random factor. From this model, we
searched for the simplest model that maintained the same goodness of fit
as the maximal converging model (Bates et al., 2015). Model compari-
sons were done using the anova() function of the ImerTest package
(Kuznetsova et al., 2017). P-values were obtained from type II Wald
chi-square tests, using the Anova() function from the car package (Fox



P. Solana et al.

and Weisberg, 2019). Effect sizes were calculated as odds ratios (OR) by
exponentiating the estimate () values from the model. 95% confidence
intervals around the ORs were computed by means of the confint. merMod
() function of Ime4. Alpha level was set at @ = 0.03 (see section 2.2.1).

To obtain the Bayes factor (BF) for the critical interaction, we
computed a BIC-based Bayes factor (Masson, 2011; Wagenmakers,
2007) by comparing the BIC (Bayesian Information Criterion) of two
competing models: the best fitting model containing the key interaction
(full model; H1) and the same model without the key interaction (null
model; HO). To do so, we relied in the following equation: BFy; =
e(BICnullBICRID/2 " This way to compute BF assumes a minimally infor-
mative prior (the unity information criterion, see Wagenmakers, 2007)
and leaves no degrees of freedom to the experimenter.

2.2.6.2. Control analysis: MEP amplitudes. There was one within-
participants factor: Time (before the stimulation vs. after completing
the task), and one between-participants factor: TMS Group (M1 vs.
vertex). The dependent measure was the peak-to-peak amplitude of
MEPs.

The visual inspection of both a density plot and a Q-Q plot (Das and
Imon, 2016) revealed that the data distribution did not follow normality
(see the R script at the OSF repository). Therefore, as preregistered, we
used non-parametric tests. Specifically, we ran two Wilcoxon tests with
the wilcox.test() function: one for the pre-post comparison in the M1
group and another for the pre-post comparison in the vertex group. Ef-
fect sizes were calculated as Kendall’s tau-b coefficients (73) using the
KendallTauB() function from the DescTool package (Signorell, 2017).

2.3. Results and discussion

As expected, the application of rTMS over M1 reduced hand muscles
excitability, as indexed by lower MEP amplitudes after stimulation (pre-
stimulation MEPs: M = 54.89 + 3.58 pV; post-stimulation MEPs: M =
40.77 £ 3.62 pV; W= 8475, p < 0.001, T = 0.18, 95% CI [0.09, 0.271]).
Conversely, rTMS to the vertex did not yield any significant difference
between the pre-stimulation MEPs (M = 50.03 + 3.15 pV) and the post-
stimulation MEPs (M = 92.74 + 11.41 pV; W = 11744,p = 0.39, T}, =
—0.04, 95% CI [—0.14, 0.05]). In fact, 12 out of 15 participants in the
M1 group showed a lower mean amplitude after stimulation, while in
the vertex group, 8 participants showed higher MEPs after stimulation, 6
showed lower MEPs, and one remained unchanged. These results
confirm that the right-hand area of the primary motor cortex of the
participants in the M1 group was properly inhibited until the end of the
comprehension task, whereas no reliable changes in motor cortex acti-
vation occurred in the vertex group (Chen et al., 1997; Huang et al.,
2005).

Despite successful inhibition of M1, results of the behavioral task
indicated that M1 inhibition did not lead to any significant change in
meaning construction (Fig. 2). After searching for the most parsimo-
nious model, data were analyzed using a model that contained Sentence
Type, TMS Group, and their interaction as fixed factors, and random
intercepts for Participant and Item as random factors' (the full model
selection process can be consulted in detail in the OSF repository). The
model revealed no significant main effects of either TMS Group (42(1) =
0.47,p = 0.49, OR = 1.39, 95% CI [0.54, 3.56]) or Sentence Type (;(2(1)
=0.99,p =0.32, OR =0.79, 95% CI [0.49, 1.26]). Most importantly, the
TMS Group x Sentence Type interaction was also non-significant (;(2(1)
= 0.06, p = 0.80, OR = 0.93, 95% CI [0.51, 1.68]). The proportion of
choice of the abstract interpretation did not differ between hand and
foot sentences, neither in the M1 group (hand sentences: M = 0.25, SD =
0.43; foot sentences: M = 0.29, SD = 0.45; ;(2(1) =1.06,p =0.30,OR =
0.76, 95% CI [0.45, 1.28]) or the vertex group (hand sentences: M =

1 In R notation: glmer(Choice ~ TMSGroup + SentenceType + TMSGroup:
SentenceType + (1|Participant) + (1|Item), family = binomial(link = logit)).
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Fig. 2. Raincloud plot for the proportion of abstract choice in the main
experiment as a function of TMS Group and Sentence Type. The box plots depict
the median (horizontal line inside the box), upper quartile (top limit of the
box), lower quartile (bottom limit of the box), maximum value (end of the top
whisker), and minimum value (end of the bottom whisker) of the data. The
jittered points correspond to the raw mean of each participant. The density
functions represent the distribution of the data.

0.20, SD = 0.40; foot sentences: M = 0.23, SD = 0.42; )(2(1) =0.51,p=
0.48, OR = 0.83, 95% CI [0.50, 1.38]). In fact, the Bayes factor for the
TMS Group x Sentence Type interaction was BFy; = 33.61, which is
interpreted as very strong evidence towards the absence of effect (Lee
and Wagenmakers, 2014). Moreover, note that the fact that the MEP
Differences covariate was not retained in the model means that this
factor did not yield any significant main effect or interaction (all ps >
0.05). In other words: the changes in motor cortex excitability following
the stimulation were not related to the expected interaction between
TMS Group and Sentence Type.

In summary, these results provide no support for a causal role of
primary motor cortex in construing meaning from action language, even
when controlling for individual variations in M1 excitability. And
importantly, the absence of effect cannot be accounted for by failure to
significantly inhibit M1. Yet, several other factors could potentially
explain the lack of effect. First, we consider whether the behavioral task
is able to reveal changes in meaning construction (e.g., see Mac Giolla
et al., 2022). Second, we consider whether the study had enough sta-
tistical power to detect the expected effect (e.g., see Button et al., 2013).
The next two sections are devoted to explore these questions.

3. Control experiments: is our task valid?

Over recent years, concern is raising regarding the (non)validity of
the psychological tasks to measure the target cognitive processes, which
may contribute to the growing number of replication failures in cogni-
tive science (see Schimmack, 2021). Could the lack of effect in the rTMS
experiment be due to the inability of the present task to capture changes
in construal level? To assess this possibility, we run two additional
control experiments, one in-person (N = 40) and one online (N = 101).
Both experiments were preregistered prior to data collection. Detailed
information about preregistrations, sample size justifications, proced-
ures, analyses, and results is available as Supplementary Material at the
OSF repository.

Broadly, in both experiments, participants were presented with the
same task and materials than in the rTMS study (without stimulation),
but were induced to think about the actions either abstractly or
concretely. To do so, we relied in the procedure designed by Mac Giolla
et al. (2022) to validate the BIF, consisting of explicitly asking the par-
ticipants to think in either abstract or concrete terms during the exper-
iment: “Focus on the overall purpose and meaning of the actions”
(abstract induction) vs. “Focus on the physical performance of the
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actions” (concrete induction). If our task is really able to capture
changes in construal level, participants in the abstract condition should
choose more abstract interpretations than those in the concrete condi-
tion. Moreover, we expected this effect to be present for both hand- and
foot-related sentences.

The results supported these predictions. In the in-person experiment,
participants in the abstract condition chose significantly more abstract
interpretations (M = 0.78, SD = 0.41) than those in the concrete con-
dition (M = 0.29, SD = 0.46; %(1) = 34.06, p < 0.0001, OR = 27.48,
95% CI = [8.28, 91.21]). Importantly, that effect was present for both
hand (4?(1) = 33.75, p < 0.0001, OR = 47.74, 95% CI = [12.97,
175.74]) and foot sentences ()(2(1) = 31.02, p < 0.0001, OR = 18.86,
95% CI = [6.71, 53.00]). The online experiment replicated these find-
ings, with participants in the abstract group selecting more abstract
interpretations (M = 0.73, SD = 0.44) than those in the concrete group
(M = 0.11, SD = 0.31; y*(1) = 122.07, p < 0.0001, OR = 93.76, 95% CI
= [39.26, 223.94]). Once again, the effect was present for both hand (y2
(1) =88.89,p < 0.0001, OR = 418.53, 95% CI = [119.32, 1468.07]) and
foot sentences (y2(1) = 106.81, p < 0.0001, OR = 69.62, 95% CI =
[31.08, 155.29]). These results clearly support that our materials and
task are valid to capture changes in abstraction level. Therefore, the
absence of effects showed in the rTMS experiment cannot be accounted
for by the use of an invalid task.

4. Sensitivity analysis: can we detect a small effect?

Failing to detect a true effect can also be due to low statistical power
(Button et al., 2013), which mainly derives from the use of small sample
sizes and few items or observations per participant (Brysbaert, 2019). In
this line, although our task seems able to capture changes in construal
level, it is possible that the target effect is so small that the rTMS
experiment lacks power to detect it.

To test this possibility, we carried out a sensitivity power analysis, a
novel approach that informs about the smallest effect size an experiment
can detect considering a given power level (for a general introduction,
see Lakens, 2022a). To do so, we run several series of 1000 simulations
using the data from the rTMS study and the mixed model that was
selected to analyze them. This secured us to work with the same matrix
of variances and covariances observed in the real experiment. In each
series, we maintained fixed the number of participants (N = 30) and
items (k = 40), as well as the alpha level (¢ = 0.03), but tried different
effect sizes of the key interaction until determining the smallest effect
size that could be detected with 80% power (i.e., when 80% of the
simulations yielded p-values lower than 0.03). We set the desired power
level at 80% following Button et al. (2013). These calculations were
performed in R by means of the simr package (Green and MacLeod,
2016). The code for these simulations is available at the OSF repository.

The analysis revealed that the rTMS experiment was able to capture
an effect size of OR = 2.52 with 80.6% power (95% CI = [78.01, 83.01]).
Crucially, following the established thresholds for interpreting the size
of odds ratios, this effect size is considered small (i.e., OR < 3.47; Chen
etal., 2010). Consequently, we can reject that the absence of effect in the
rTMS experiment was due to not having enough power to detect a small
effect (see section 5 for discussion). It is important to point out that the
results of this sensitivity analysis should not be interpreted as meaning
that any experiment with the same design as ours will be well-powered.
Present results only apply to our specific experiment, constrained by its
own design, materials, variability observed in the data, and analytic
pipeline.

5. General discussion

Does M1 play a causal role in meaning construction? The present
preregistered study aimed to assess whether perturbing motor cortex
activation with rTMS can alter meaning construction from action lan-
guage. Contrary to our predictions, the results failed to show a
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significant change in language comprehension following the stimulation
of primary motor cortex (M1). In fact, they strongly supported the
absence of the key interaction. Hence, our results fail to support a central
prediction of the embodiment view of language comprehension: that
altering the activity of M1 should produce changes in the meaning of
action sentences.

Importantly, we conducted additional analyses and control experi-
ments that discarded several alternative causes of the lack of effect. First,
pre-post stimulation MEP recordings showed that applying rTMS over
M1 successfully reduced hand muscles excitability, which has been
interpreted as a proxy of motor cortex inhibition (Chen et al., 1997;
Huang et al., 2005). Therefore, the absence of a significant behavioral
effect cannot be explained by an absence of effect at the neural level due
to non-proper functioning of our manipulation. Second, across two
control experiments, we observed that the employed task captured
changes in abstraction level, thus confirming the construct validity of
the task (Mac Giolla et al., 2022). Third, a sensitivity power analysis
revealed that the experiment had 80% power to observe a small-sized
effect. Moreover, the preregistered nature of this study secures that
present results do not depend on deviations from our original plan
(Hardwicke and Wagenmakers, 2023; Nosek et al., 2018). To the best of
our knowledge, none of these quality checks have been implemented to
date in any previous rTMS study within the embodied semantics field.

According to the strongest versions of embodiment, the reactivation
of the neural architecture underlying action performance is an auto-
matic and necessary component of action language comprehension
(Barsalou, 1999; Gallese and Lakoff, 2005; Pulvermiiller, 2005). Present
results prevent us to conclude in support of this claim. This conclusion
thus stands in sharp contrast with the large number of behavioral (e.g.,
Glenberg et al., 2008b; Shebani and Pulvermiiller, 2013; Togato et al.,
2021), neuropsychological (e.g., Boulenger et al., 2008; Fernandino
etal., 2013; Garcia et al., 2018), and specially, brain stimulation studies
(e.g., Birba et al., 2020; Lo Gerfo et al., 2008; Pulvermiiller et al., 2005;
Repetto et al., 2013; Vukovic et al., 2017; Willems et al., 2011) that
claim support for a functional role of the motor system in action lan-
guage comprehension.

On the contrary, present findings are most compatible with several
studies on behavioral motor interference (e.g., Postle et al., 2013; Sac-
cone et al., 2021; Strozyk et al., 2019), Parkinson patients (e.g., Aiello
et al., 2022; Humphries et al., 2019; Kemmerer et al., 2013), lesion
symptom mapping (e.g., Arévalo et al., 2012; Reilly et al., 2014), and
TMS (e.g., Papeo et al., 2009, 2011; Tomasino et al., 2008) that suggest
that the motor system does not play a functional role in action language
comprehension. More broadly, our results are also in line with recent
studies on modality-specific systems other than the motor system, such
as vision (Ostarek et al., 2019) or olfaction (Speed et al., 2022), failing to
observe causal influences of low-level simulations in language under-
standing. Therefore, present results could be interpreted in agreement
with the idea that sensorimotor activation, rather than being a necessary
feature of language comprehension, may be a by-product of
non-conceptual processes (such as motor imagery; e.g., Papeo et al.,
2009, 2011; Tomasino et al., 2008), reflect aspects of language pro-
cessing other than semantic processing (such as ortho-phonological
processing; e.g., de Zubicaray et al., 2013, 2021; see also Brandscheidt
et al., 2018), or be flexibly engaged according to situational and
contextual demands, as suggested by weaker and more contemporary
versions of embodiment (e.g., Garcia and Ibanez, 2016; Ibanez et al.,
2023).

The current study also aligns with the growing body of research,
including replications (Montero-Melis et al., 2022; Morey et al., 2022),
reanalyses (Papesh, 2015; Witt et al., 2020), and meta-analytic works
(Solana and Santiago, 2022, 2023), that raises concerns about the reli-
ability of key findings in the embodied language literature. Indeed, as
sketched in the Introduction, previous work from our group already
warned that, specifically, motor cortex stimulation studies in this field
do not stand on solid ground (Solana and Santiago, 2022, 2023), which
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is compatible with the fact that we have not been able to observe even a
small-sized effect in the present rTMS study.

Do present results mean that no part of the motor system is impli-
cated in construing meaning from action language? According to classic
embodied accounts, motor simulations underlying action language
comprehension are similar to action performance in real life, which
predicts a functional implication of brain regions devoted to action
execution, such as M1 — the “re-enactment” view (Barsalou, 1999;
Pulvermiiller, 2005). On an alternative view, M1 is restricted to inten-
tional motor imagery, while the implicit simulations expected to occur
during language understanding rely on the reactivation of the neural
circuits involved in action preparation, which include regions such as
the premotor cortex (PMC) or the supplementary motor area (SMA) —
the “pre-enactment” view (Gijssels et al., 2018; Willems et al., 2010b). In
this line, there are studies that have indeed shown effects in action
language comprehension after stimulating the PMC (e.g., Gijssels et al.,
2018; Willems et al., 2011) and the SMA (Courson et al., 2017). The
present study did fail to provide evidence for a causal role of M1, despite
being the most targeted and supported region in this field (e.g., Lo Gerfo
et al., 2008; Repetto et al., 2013; Vukovic et al., 2017; for review, see
Solana and Santiago, 2022), but it cannot discard that stimulating sec-
ondary motor areas might change meaning construction. Future studies
are needed to clarify the causal implication of motor areas outside pri-
mary motor system.

Do present results mean that the motor system is not implicated in
any stage of language comprehension? As argued in the Introduction, we
believe that the measures used in previous studies capture the work of
mechanisms that can alter the difficulty of meaning construction, but
not those that determine its final form. On the contrary, the present
construal level task was intended to tackle central meaning construction
processes that determine the final construed meaning. In fact, this idea
was strongly supported by our validation studies (see also Mac Giolla
etal., 2022). If so, present results call into question that M1 is implicated
in central processes of meaning construction, but leave open the possi-
bility of a more superficial or collateral implication of this cortical area.
The latter account may be responsible of the significant findings in
previous studies using measures of reaction time and accuracy. More-
over, it offers a plausible path to reconciliate present findings with
previous ones. More research combining both families of tasks is needed
to give a more conclusive answer to this debate.

Nonetheless, there does exist a recent study (published while we
were conducting the present study) that used a task comparable to ours
and claimed support for embodied tenets: Togato et al. (2021). Their
participants were presented with object nouns having two different
meanings (homographs): one related to hand or foot movements, and
another not related to movement. Then, from a list of three words, they
were asked to choose the one they thought was more strongly related to
the previously presented homograph. The words could be related to the
motor meaning of the homograph, to the non-motor meaning, or to be
unrelated. During the task, participants moved repeatedly either their
hands, their feet, or they moved nothing. Results showed that, when the
homograph was highly biased towards the motor meaning, moving an
effector reduced the probability of choosing the motor meaning asso-
ciated with the same effector being used. On the contrary, in presence of
homographs with a low bias towards the motor meaning, moving an
effector increased the probability of choosing the motor meaning related
to that effector.

Despite procedural differences, it could be argued that Togato et al.’s
work is directly comparable to the present one. Hence, their results and
ours raise mutual concerns about each other’s conclusions. Can present
results be reconciled with those by Togato et al.? One potential reason
for this discrepancy may be related to the interference method employed
(M1-rTMS vs. moving the hands/feet). As previously discussed, the
embodiment of language may involve regions other than M1. Repeat-
edly moving a body effector might have engaged a larger set of senso-
rimotor regions than stimulating M1 (e.g., Scott, 2012), which may have
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acted as the locus for the effect. Relatedly, it is possible that continuous
limb movements produced a greater motor interference than our stim-
ulation protocol. Finally, it should be noted that our participants were
completely blind to the stimulation site, but participants in Togato
et al.’s study overtly moved their hands or feet. This could have led to
priming effects consistent with an amodal view (Ostarek and Bottini,
2021). However, although this account may explain their facilitatory
effect on low-biased homographs, it can hardly account for their
inhibitory effect on highly-biased homographs.

Several concerns can be raised regarding the interpretation of the
present null result. A first concern is the possibility that the motor sys-
tem is implied in representing the meaning of both concrete and abstract
concepts. Here, we built upon the distinction between concrete
(embodied) and abstract (disembodied) concepts handed down from
classic embodied theories (e.g., Barsalou, 1999; Pulvermiiller, 2005).
However, more contemporary theories argue that both concrete and
abstract construals are grounded in sensorimotor experience, thereby
blurring the abstract-concrete distinction (e.g., Banks et al., 2023;
Buccino et al., 2019). As an example, a recent investigation by Banks and
Connell (2023) concluded that participant-generated exemplars for ab-
stract concepts contained traces of sensorimotor experience. Most
importantly, some neurophysiological (e.g., Glenberg et al., 2008a;
Harpaintner et al., 2022) and neuroimaging (e.g., Harpaintner et al.,
2020; Sakreida et al., 2013) studies have found that abstract language
recruits motor regions as well. Accordingly, disrupting M1 could equally
affect both the concrete and abstract features of meaning, leading to no
observable changes in the task. These studies are, nonetheless, correla-
tional, and there remains the fact that the published rTMS literature
agrees that perturbing motor cortex activation selectively alters the
processing of concrete but not abstract verbs (e.g., Lo Gerfo et al., 2008;
Repetto et al., 2013; Willems et al., 2011). Only Vukovic et al. (2017)
reported an unpredicted facilitation for abstract verbs, but they inter-
preted it as a product of spreading effects of TMS over prefrontal areas.
Therefore, although this issue deserves more attention in the future, in
light of the current state of the literature, we do not consider this a likely
explanation for present results.

A second set of concerns relates to aspects of the use of brain stim-
ulation in the present study. First, according to some relevant ap-
proaches, the working mechanism of brain stimulation can be
understood as inducing/decreasing noise in the neural system, which
reduces/amplifies the overall signal-to-noise ratio, thereby interfering/
facilitating cognitive processing (Miniussi et al., 2013; Hartwigsen and
Silvanto, 2023). This is why, for years, most neurostimulation studies
have used reaction time and accuracy as dependent variables. If so,
could rTMS qualitatively change how meaning is represented? Recent
studies combining TMS and multivariate pattern analysis (MVPA) of
fMRI data point out in this direction. For instance, Jackson et al. (2021)
demonstrated that stimulation of the dorsolateral prefrontal cortex en-
hances the neural representation of task-irrelevant visual information.
Similarly, Rose and collaborators (2016) reported that TMS was able to
reactivate the representation of unattended stimuli, including words. By
this logic, if M1 represents the motoric (i.e., concrete) features of lan-
guage, then we believe that applying inhibitory rTMS to this area could
potentially hinder the representation of this kind of information, thereby
biasing participants to construe meaning in a less motoric (i.e., more
abstract) way.

Second, previous neurophysiological studies typically used at least
15-20 MEPs and an intensity of 110-130% rMT to assess changes in
corticospinal excitability (e.g., Bastani and Jaberzadeh, 2013; Gold-
sworthy et al., 2016). Here, we adopted a different strategy: to compare
the participants’ motor threshold before and after the stimulation. Since
pre-stimulation rMT is commonly assessed using 10 pulses (Rossini
et al., 2015), we also used 10 pulses for the post-stimulation rMT. In a
similar vein, the intensity for the post-TMS recording was set at 100%
rMT to match the intensity used to elicit pre-TMS MEPs. Although the
procedure could be improved, our results do show the expected
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significant reduction in MEP amplitudes following M1 stimulation.

A final topic to discuss is statistical power. May the failure to find a
significant effect be just the result of a lack of power? Although our
sample size is larger than most published TMS studies on the topic (see
Solana and Santiago, 2022), we agree that it does not appear large, not
even reaching the recommended value of 20 participants per condition
that we used at preregistration (Simmons et al., 2011). However, rules of
thumb are often “overly simplistic recommendations” (Lakens, 2022b,
p- 9). Both rules of thumb and analytic procedures such as those
implemented in G*power are particularly difficult to apply to designs
including within-participant factors, because of the central role that the
correlations between repeated measures play in the calculation of power
(see, e.g., Cohen, 1988; Brysbaert, 2019). As internal correlations are an
aspect of the data that very rarely receives any attention in published
reports, researchers usually do not have useful a priori intuitions, but
their impact on power is large. As an example, while a two-tailed t-test
between groups requires 200 participants (100 per group) to detect a
small effect of d = 0.4 with 80% power, the necessary sample size de-
creases to 30 participants when the comparison is within-participants
and there is a correlation of 0.8 between the dependent measures (cor-
relations of this size or even higher are actually not uncommon, see
Brysbaert, 2019). This problem is exacerbated when data are collected
in a design that includes more than one random factor (e.g., participants
and items) as in the present case. In these cases, Westfall et al. (2014)
show that estimating power analytically in a design with a single fixed
factor requires the following parameters: (1) effect size, (2) number of
participants and items, (3) the specific design to be used, and (4) six
variance partitioning components: the variances of each of the random
factors (the variance in random intercepts) and their interactions with
the conditions (the variance in random slopes), the variance of the
interaction between the two random factors, and the residual error
variation. We did not feel able to provide reasonable a priori estimations
of these variance partitioning parameters, but again, their impact on
power calculations is too large to be dismissed. Moreover, when the
design includes more than one fixed factor (as in our case), the number
of variance-partitioning components to be specified increases, and the
analytic solution proposed by Westfall et al. (2014) has not yet been
extended to this case.

Together with practical limitations on the total number of partici-
pants that was feasible to run in our lab in the available time, we instead
adopted a combined approach that overcame these problems, while
leaving minimum room for experimenter freedom. A priori, we prereg-
istered a maximum number of participants per condition, which was
both feasible and reasonable based on a rule of thumb, plus a sequential
analysis strategy with two stopping points and a running Bayesian test of
a kind that does not depend on priors set by the experimenter. This
allowed us to keep alpha at the desired 5% level but to stop data
collection earlier depending on the results. Crucially, after data analysis,
we implemented a simulation-based sensitivity analysis using the linear
mixed model derived from our own data. Simulations have the advan-
tage of flexibility: they can be adapted to assess any main effect or
interaction within a complex design, with any number of participants
and items, and even to generalized linear models such as the logit model
we used for our binomial measure (see Brysbaert and Stevens, 2018;
Kumle et al., 2021). In a word, they provide a power estimation that is
tailored to the experiment. When simulations are run using the same
model that has been used to analyze the data, it is possible to vary some
of its parameters (e.g., effect size, sample size, or number of items) while
keeping others constant (variances and covariances). By using this
approach, we were able to show that the present study had 80% power
to detect what is conventionally considered a small effect size in the
critical interaction. We can therefore conclude that there was not a
small-sized interaction, or larger, in the data (with a 20% chance of
having missed it). This conclusion is also supported by the additional
Bayesian analyses. Can we rule out an even smaller interaction? It is of
course possible that, with a larger sample and/or stimulus set (and
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thereby more power), the experiment might have detected an even
smaller effect. In that case, the debate should focus on whether the effect
is of any relevance (Anvari et al., 2023), likewise challenging the pro-
posedly essential role of primary motor brain areas in language
comprehension. The progress in this debate will, no doubt, benefit from
future direct or conceptual replications of the present work and
extended discussion about the range of effect sizes that may be consid-
ered of theoretical relevance.

For years, psychology and cognitive neuroscience have been on a
surprising “winning streak” (Haeffel, 2022), meaning almost all the
published studies yielded support for researchers’ predictions. However,
replications and meta-analyses showed a radically different reality (e.g.,
Klein et al., 2018; Open Science Collaboration, 2015). The cause seems
to be the combination of several questionable research practices such as
small sample sizes (e.g., Button et al., 2013), p-hacking (e.g., Simmons
et al., 2011), HARKing (e.g., Kerr, 1998), or publication bias (e.g.,
Rosenthal, 1979). The difficulties to replicate key findings supporting
embodiment (Montero-Melis et al., 2022; Morey et al., 2022), together
with meta-analytic techniques showing low power and evidence for
publication bias (Solana and Santiago, 2022, 2023), reveals that this
quandary is also present within the embodied language field. For that
reason, we believe that studies like the present one are timely, necessary,
and deserve more attention from the embodiment community. The field
should start moving towards open and robust research practices such as
implementing preregistrations (e.g., Nosek et al., 2018) and
well-powered designs (e.g., Lakens, 2022a), replicating previous find-
ings (e.g., Zwaan et al., 2018), validating psychological measures (e.g.,
Schimmack, 2021), publishing null results (e.g., Munafo and Neill,
2016), and also citing them (e.g., Serra-Garcia and Gneezy, 2021) to
reach more credible, valuable, and interpretable outcomes (for similar
proposals, see Montero-Melis et al., 2022; Ostarek and Huettig, 2019;
Solana, 2023; Solana and Santiago, 2022, 2023).

In conclusion, the present study shows that rTMS to M1 did not
induce any significant effect on meaning construction from action lan-
guage. These results challenge the embodiment tenet that the primary
motor system is causally involved in action language understanding.
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