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ABSTRACT

Contextual information may shape motor resonance and support intention understanding during observation of
incomplete, ambiguous actions. It is unclear, however, whether this effect is contingent upon kinematics am-
biguity or contextual information is continuously integrated with kinematics to predict the overarching action
intention. Moreover, a differentiation between the motor mapping of the intention suggested by context or ki-
nematics has not been clearly demonstrated. In a first action execution phase, 29 participants were asked to
perform reaching-to-grasp movements towards big or small food objects with the intention to eat or to move;
electromyography from the First Dorsal Interosseous (FDI) and Abductor Digiti Minimi (ADM) was recorded.
Depending on object size, the intentions to eat or to move were differently implemented by a whole-hand or a
precision grip kinematics, thus qualifying an action-muscle dissociation. Then, in a following action prediction
task, the same participants were asked to observe an actor performing the same actions and to predict his/her
intention while motor resonance was assessed for the same muscles. Of note, videos were interrupted at early or
late action phases, and actions were embedded in contexts pointing toward an eating or a moving intention,
congruently or incongruently with kinematics. We found greater involvement of the FDI or ADM in the execution
of precision or whole-hand grips, respectively. Crucially, this pattern of activation was mirrored during obser-
vation of the same actions in congruent contexts, but it was cancelled out or reversed in the incongruent ones,
either when videos were interrupted at either early or long phases of action deployment. Our results extend
previous evidence by showing that contextual information shapes motor resonance not only under conditions of
perceptual uncertainty but also when more informative kinematics is available.

1. Introduction

Rizzolatti and Craighero, 2004 for review).
Motor resonance was initially considered within feedforward

A basic prerequisite allowing the synergy with other people during
social interactions is the possibility to anticipate their behavior and to
react accordingly. Crucial cues to anticipate others’ likely behavior
come from the observation and the understanding of the intention
behind their actions. Accordingly, the observation of others’ action has
been found to trigger the activation of a matching motor representation
in the observer’s motor system, a process referred to as motor resonance
(Fadiga et al., 1995) and likely implemented by the action observation
network (AON), which includes both visual and motor areas (see

recognition model according to which the visual information of the
action is directly mapped onto its motor representation (Rizzolatti et al.,
2001). More recently, it has been further embedded within predictive
coding accounts of action understanding (Kilner et al., 2007). This ac-
count is based on the concept of a hierarchical organization of action
representations, starting from the lowest level depicting the action in
terms of muscle involvement and then in terms of kinematics, up to the
highest levels depicting the action in terms of goal and, lastly, in terms of
overarching intention (Grafton and Hamilton, 2007; Hamilton et al.,

* Corresponding author at: Department of Brain and Behavioral Sciences, University of Pavia, 27100 Pavia, Italy.

E-mail address: valentina.bianco@unipv.it (V. Bianco).

https://doi.org/10.1016/j.neuroimage.2024.120702

Received 9 February 2024; Received in revised form 17 June 2024; Accepted 21 June 2024

Available online 22 June 2024

1053-8119/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:valentina.bianco@unipv.it
www.sciencedirect.com/science/journal/10538119
https://www.elsevier.com/locate/ynimg
https://doi.org/10.1016/j.neuroimage.2024.120702
https://doi.org/10.1016/j.neuroimage.2024.120702
https://doi.org/10.1016/j.neuroimage.2024.120702
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2024.120702&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

V. Bianco et al.

2007). To understand others’ behavior, the predicting coding account
suggests that the most likely cause of an observed action can be inferred
by reducing prediction errors through interactions occurring among
different levels of this hierarchy. Crucially, beside the sensorial infor-
mation retained in the observed action, our system may earlier exploit
expectations of the most likely cause of the behavior based on the
context where action takes place (Kilner, 2011; Amoruso et al., 2020).
Thus, the ability to recognize others’ action might be based on the
integration between bottom-up sensory input retained in movement
kinematics with the top-down expectations that stem from past experi-
ence in similar contexts.

Motor resonance can be effectively probed by measuring the change
of corticospinal excitability during action observation (Fadiga et al.,
1995), as indexed by changes in the amplitude of Motor Evoked Po-
tentials (MEPs; Hallett, 2007) recorded in peripheral muscles after
single-pulse transcranial magnetic stimulation (spTMS) over the pri-
mary motor cortex. There is indeed large consensus in considering the
change of MEPs amplitude during action observation a consequence of
the cortico-cortical connections from the AON to M1, which generates
motor resonance of the observed movement (Strafella and Paus, 2000;
see Fadiga et al., 2005 for review). The direction of the modulation,
namely facilitation of MEP amplitude, its timing, showing temporal
coupling between the observed kinematics and motor resonance, and
muscle-specificity, consisting in the selective modulation of the MEPs
that are recorded from the muscles involved in the execution of the
observed action (Fadiga et al., 1995; Romani et al., 2005; Strafella and
Paus, 2000; Urgesi et al., 2010), are considered as core properties of
motor resonance responses (Naish et al., 2014; Amoruso and Fin-
isguerra, 2019).

It is unclear, however, to what extent motor resonance is influenced
by low-level sensory aspects (i.e., the observed kinematics) and/or by
top-down modulation (i.e., context and previous experience) of action
representation (Amoruso and Finisguerra, 2019). On one hand, it has
been consistently shown that changes in kinematics modulate
cortico-spinal excitability (CSE, e.g., Soriano et al., 2018; Urgesi et al.,
2006) and play a crucial role for intention attribution (Cavallo et al.,
2016). On the other hand, in keeping with the predictive coding
approach, Gangitano et al. (2004) provided pioneering evidence that,
while keeping muscle specificity, motor resonance would also reflect the
prediction of the movement about to occur rather than the mere trans-
formation of visual (i.e., perceptual) information into motor knowledge
(see also Urgesi et al., 2010). In a similar vein, motor resonance was
shown to be differently modulated by kinematics adaptations due to
movement errors or to deceptive intention (Tidoni et al., 2013; Fin-
isguerra et al., 2018) suggesting that both low- and high-level features of
an observed action can be represented in the observer’s motor system.
Notably, Cavallo and co-authors (2013) showed that, when observing
the initial stage of action unfolding, motor resonance reflects the muscle
facilitation pattern necessary to achieve the goal of the action (Lago and
Fernandez-del-Olmo, 2011). Then, with the progression of action
unfolding, motor resonance becomes tuned to the specific kinematic
features of the observed movements. Thus, the fine tuning of the motor
cortex to goal or movement during action observation may relate to
different processing stages. Under this vein, it is crucial to elucidate the
critical role played by low- and high-level modulations of motor reso-
nance at different phases of action deployment.

In a series of previous studies (Amoruso and Urgesi, 2016; Amoruso
et al., 2016; Amoruso et al., 2018a, 2020) investigating the contextual
modulation of motor resonance, participants observed videos of
everyday-life actions embedded in congruent (i.e., reaching-to-grasp a
mug full of coffee with a precision grip) or incongruent contexts
(reaching-to-grasp an empty mug with a precision grip). Action videos
were interrupted before action ending (thus showing ambiguous kine-
matics) and participants were asked to predict action unfolding while
MEPs were recorded. Behavioral results pointed at a superior perfor-
mance in the prediction of actions embedded in congruent than
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incongruent contexts. MEPs results showed a facilitation or an inhibition
in motor resonance for congruent or incongruent contexts, respectively.
Furthermore, while the contextual facilitation occurred at earlier stages
of action processing, the inhibition exerted by incongruent contexts only
occurred at later stages (Amoruso et al., 2016, 2018a). Although
pointing to striking contextual modulation of motor resonance, the
stimuli of these studies were not suited to systematically control for
muscle specificity, since the involvement of the recorded muscles (i.e.,
first dorsal interosseous, FDI, and extensor carpi radialis, ECR) did not
dissociate between the two alternative action intentions. Thus, it could
not be tested whether motor resonance was tuned toward the intention
suggested by context or kinematics.

In a subsequent study (Betti et al., 2022), the authors recorded the
activation of the muscle specifically involved during the execution of
two alternative actions. Namely, the activation of the abductor digit
minimi (ADM) was measured during the execution of whole-hand
grasping actions toward an apple or a glass; the actions could be per-
formed with the individual intention to eat the apple or to drink from the
glass or with the interpersonal intention to offer the object to another
peer. In this case, it was found that the ADM differentiated between the
two whole-hand reaching-to-grasping actions performed on the same
object, but with different intentions, being more activated in performing
an individual than an interpersonal action. Then, participants under-
went an implicit-learning phase during which the associations between
an arbitrary contextual cue (i.e., color of a plate) and a specific action
were manipulated, to promote contextual expectations of an action
given a specific contextual cue. Finally, the authors assessed motor
resonance during observation of the early phases of action deployment
embedded in a context that pointed to the same or the opposite intention
with respect to the one suggested by the kinematics. Interestingly, the
results showed that motor resonance reflected the activation of the most
probable action suggested by the contextual information, even when the
(ambiguous) kinematics pointed to the opponent intention.

Crucially, in Betti et al. (2022), the contextual modulations were
formed ex novo, thus not representing pre-existing ecological condition.
Furthermore, kinematics was ambiguous, thus leaving the possibility
that context may drive motor resonance only when kinematics cues are
scanty (Cavallo et al., 2013). More importantly, the differentiation be-
tween the two opposite action intentions was limited to a single
action-muscle dissociation, since the ADM was more involved in indi-
vidual (i.e., to eat) than interpersonal (i.e., to offer) actions, but they did
not test an opposite pattern for a muscle that was more involved in the
interpersonal than in the individual action. Since a double action-muscle
dissociation could not be documented, the possibility that the modula-
tion of ADM MEPS partially reflected general arousal effects, and not
specific motor representations, could not be fully excluded.

Considering these observations, the main aims of the present study
were to explore the interaction between kinematics and ecological
contextual information during the prediction of observed actions at
different levels of sensorial ambiguity (i.e., more ambiguous or more
reliable kinematics) and to probe the effects of this interaction on both
behavioral prediction and motor resonance.

We used videos representing everyday-life actions during breakfast
time and showing an actor reaching and grasping sweet objects of
different sizes (big, small) or their containers. According to object size,
the two actions differently required a whole-hand or a precision grip to
implement the intention to eat the piece of food or to move its container.
For instance, grasping a big piece of food (i.e., a krapfen) placed on a
plate with the intention to eat required a whole hand grip, while
grasping its container to move required a precision grip (i.e., with
thumb-index opponency). The opposite hold true for a small piece of
food (i.e., cream puff) placed in a bowl, where a precision grip was
required to eat the food object and a whole hand grip to move its
container. In this way, there was a double dissociation of muscle-
specificity prompted by different object sizes but with the same over-
arched intention. Moreover, actions could be embedded in contextual
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scenarios that characterized the plausibility of one action and could be
congruent or incongruent with movement kinematics. The context of a
set table was congruent with the action of grasping the food object with
an eating intention and it was incongruent with the action of grasping
the food container with a moving intention. Conversely, the context of a
cleared table was congruent with a moving intention and incongruent
with an eating intention. Further, action videos were interrupted at early
and late interruption points, thus manipulating the amount of available
kinematics information between conditions.

The study comprised the following phases. Before the action obser-
vation session, we performed Electromyography (EMG) recordings
during the execution of eating and moving actions directed to the same
objects used in the videos to qualify muscle specificity. Beyond the FDI
and ADM, which were expected to be differently involved in precision
vs. whole-hand grips, respectively, Cretu et al. (2019), we also recorded
EMG from a forearm muscle (i.e., extensor carpi radialis, ECR) as a
control muscle. We hypothesized that the FDI should be more involved
in precision grips, namely in grasping the small sweet with the intention
to eat or the plate containing the big sweet with the intention to move.
Instead, the ADM should be more involved in whole-hand grips, namely
in grasping the big sweet with the intention to eat or the bowl containing
the small sweet with the intention to move. The control forearm ECR
muscle was expected to show no grip-specific modulation. We deliber-
ately chose not to include any contextual items during action execution
to isolate the muscular involvement in the different actions without any
contextual modulation. Indeed, it has been recently shown that
contextual modulation can affect the kinematics of executed movements
(Ciceri et al., 2023).

Afterwards, to test the effects of the interaction between kinematic
and contextual information on motor resonance, we combined spTMS
with recording of MEPs from the same muscles during observation and
prediction of the reaching-to-grasp actions in congruent and incon-
gruent contexts. We hypothesized that CSE should be differentially
modulated by the observation of whole-hand vs. precision grips, but that
top-down contextual expectations might influence these motor reso-
nance processes related to the actual sensorial information, especially at
the early interruption points. More specifically, three different hypo-
thetical scenarios were foreseen. If kinematics prevails (i), CSE should
reflect the differential muscular involvement for the two object-directed
movements in both congruent and incongruent contexts. Thus, the FDI
should be more activated when observing an unfolding precision grip (i.
e., to eat the small objects or to move the container of big objects), while
the ADM should be more activated when observing an unfolding whole-
hand grasp (i.e., to eat big objects or to move the container of small
objects), independently from contextual congruency and interruption
time. Alternatively (ii), if contextual information is integrated with the
processing of unfolding kinematics (Amoruso et al., 2016, 2018b; Amoruso
and Urgesi, 2016; Cretu et al., 2019), motor resonance should be
affected by the intention suggested by the contextual scenario, with
reduced muscle-specific motor-resonance for incongruent vs. congruent
contexts, especially at early interruption times. Finally (iii), if contextual
information drives motor resonance effects (Betti et al., 2022), the pattern
of action-muscle specificity should follow the action suggested by the
context independently from the observed kinematics and the interrup-
tion point. Thus, greater cortico-spinal facilitation of the FDI should be
observed whenever small objects are embedded in a set table (i.e.,
pointing to an eating action) or big objects in a cleared table (i.e.,
pointing to a moving action), while greater ADM facilitation should be
observed whenever small objects are embedded in a cleared table and
big objects in a set table.

Importantly, different studies showed an alteration deficit in inte-
grating kinematics and contextual information both in individuals with
autism spectrum disorder (ASD, Sinha et al., 2014; Amoruso et al., 2019)
and in individuals with high autistic traits, either at a behavioral (Bianco
et al., 2020, 2024) or at the physiological level of motor resonance
(Amoruso et al., 2018b, 2020; Betti et al., 2022). Based on this premise,
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an additional exploratory aim of the study was to investigate at what
extent the predictions based on contextual cues are related to the pres-
ence of autistic traits (measured with the Autism Quotient, AQ, Bar-
on-Cohen et al., 2001) in neuro-typical populations. We hypothesized
that the impact of contextual modulation on the motor coding of the
unfolding intention should negatively correlate with the individual
levels of autistic traits.

2. Materials and methods
2.1. Participants

A total of 31 participants (17 F; mean age = 23.58 years; SD = 4.22)
were recruited among students at the University of Udine. Participants
were all right-handed according to the Standard Handedness Inventory
(Briggs and Nebes, 1975), had normal or corrected-to-normal visual
acuity, reported no history of neurological, psychiatric, or other major
medical problems and were free from any contraindication to TMS
(Rossi et al., 2009). They gave written informed consent before experi-
mentation and received course credits for their participation in the
study. We did not complete the testing of one participant to avoid
discomfort because his resting motor threshold was too high (64 % of the
stimulator output). Further, data from one participant was excluded due
to technical problems during the recordings (lacking > 50 % MEPs for
the ADM muscle). Accordingly, data analysis was performed on 29
participants (16 F; mean age = 23.79 years; SD = 4.28). The experi-
mental procedures were approved by the local Ethics Committee
(Comitato Etico Unico Regionale, Friuli Venezia Giulia, Italy, Parere
CEUR-2021-Sper-65) and were carried out in accordance with the ethical
standards of the 1964 Declaration of Helsinki. No discomfort or adverse
effects during TMS and MEP acquisitions were reported or noticed.
Please refer to the data handling session for power analysis and sample
size determination.

2.2, Stimuli

Experimental videos were recorded in color with a Canon EOS 550D
camera at 30 frames per second. Video stimuli depicted a male (43 yo) or
a female (36 yo) model performing everyday-life actions during break-
fast time. The view angle included the table where the objects were
placed and the actor right upper arm, while the face and remaining
actor’s body parts were not visible. Using their right hand, the actors
could reach and grasp a krapfen (big object) or one of two cream puffs
(small objects) placed on a container. A white plate served as container
for the big object, while a transparent bowl served as container for the
small object. Two possible actions were recorded: reaching and directly
grasping the food object with the intention to eat or reaching and
grasping the food container with the intention to move. Of note, the
reach-to-grasp movement patterns were different according to the size of
the food object and the shape of the container. For what concerns the
action to eat, grasping the big food object required a whole-hand grip,
while grasping the small object required a precision grip; for what
concerns the action to move, grasping the white plate, where the big
food object was placed, required a precision grip, while grasping the
transparent bowl, where the small food object was placed, required a
whole-hand grip. In this way, we created opposite intentions (eating vs.
moving) with equal prehension grips according to object size, thus
allowing us to test for a double dissociation between action intention
and its kinematics profile. To ensure the spontaneity of the actions, in
the original videos the actors were asked to perform the full movement:
for the action to eat, they grabbed and brought the food till the mouth;
for the action to move, they grabbed and moved the container onto a
white tray placed on the table on their right. Actors were further
instructed to perform the actions at their own pace so that the move-
ments were fully natural.

Crucially, the actions were embedded in the context of a breakfast
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table set with crockery pointing at i) a meal that had yet to be consumed,
which provided contextual cues to an eating intent, ii) a meal that had
already been consumed, which provided contextual cues to a moving
intent. In the set table scenario, the items consisted of a teacup full of tea,
a closed teapot with a teabag inside, an empty saucer and a tray; in the
cleared table scenario, the items consisted of an empty teacup, an open
empty teapot, a teabag placed on the saucer and a tray. Accordingly, the
intentions suggested by the two different contextual scenarios could be
congruent or incongruent with the intentions behind the actual action
kinematics. For instance, the context of the set table was congruent with
the action of grasping the food object with the intention to eat, but it was
incongruent with the action of grasping the food container with the
intention to move. Conversely, the context of the cleared table was
congruent with the action of grasping the food container with the
intention to move, but it was incongruent with the action of grasping the
food object with the intention to eat (Fig. 1). A total of 32 different
videos were used, resulting from the factorial combination of 2 Object
sizes (big, small) x 2 Action intentions (to eat, to move) x 2 Contexts
(congruent, incongruent) x 2 Actors (male, female) x 2 repetitions of
the same condition. The choices of selecting two different actors for
action performance and of recording two repetitions of the same con-
dition were made for increasing the variability and avoiding any specific
bias in action execution. Videos were edited using Avidemux 2.7.6 -
Release Software (https://avidemux.org/) to match the duration across
the videos (30 frames), where the 18th frame showed the maximal
aperture of the hand (pre-shaping) during the reaching phase of the
movement and the 30th frame the contact of the hand with the target
object. To avoid altering the temporal profile of the movements, we first
verified that the duration of the longest video (i.e., slowest movement)
was within the 30-frame duration; then, we aligned all the videos at the
frame with maximal grip aperture and presented 17 frames before and
12 frames after it. If a video did not contain enough frames before the
maximal-aperture frame, we repeated the initial static hand frame to
reach the same video duration before maximal grip aperture. Since the
latest interruption point was largely ahead the hand-object contact, no
manipulation was required at the end of shorter videos. The stimuli were
selected based on a pilot experiment in which we validated the stimuli in
terms of the plausibility of the contextual manipulation (see Supple-
mentary Fig. 2) and the dissociation between the kinematic parameters
of the two action intentions directed to the small or big objects (see
Supplementary Fig. 3). In the pilot experiment, original videos also
included fruits objects (an apple for the big and strawberries for the
small object) and neutral contexts (i.e. a table without any contextual
cues). Crucially, fruit objects were not strongly associated with the
congruent vs. incongruent context and were excluded from the main
experiment (see Supplementary Fig. 4). Further, neutral contexts were
removed to simplify the experimental design.

Big object
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2.3. Procedure

The whole experimental design consisted of two parts: an action
execution session followed by an action observation session, during
which MEPs were recorded. Both sessions were conducted in the same
day.

2.4. Action execution session

During the action execution session, EMG activity was recorded from
the right FDI, ADM and ECR using surface Ag/AgCl disc electrodes (1 cm
diameter) placed in a belly-tendon montage. The active electrode posi-
tions were determined by palpation during maximum voluntary
contraction separately for each muscle; reference electrodes were posi-
tioned over the proximal interphalangeal joint of the index, the proximal
interphalangeal joint of the little finger and the radial styloid process for
the FDI, ADM and ECR, respectively. The ground electrode was posi-
tioned on the right arm close to the shoulder. Electrodes and cables were
organised to avoid restrictions in participants’ movements. All elec-
trodes were connected to a Biopac MP-160 system (BIOPAC System, Inc.,
Goleta, CA) for amplification, digitalization (sampling rate 6250 Hz)
and band-pass filtering (5-2000 Hz) of the EMG signal.

During the action execution session, participants sat in a chair in
front of a table with the right hand relaxed. After positioning the elec-
trodes, they were asked to wait for an auditory instruction (“mangiare”
or “spostare”, i.e., in English “to eat” or “to move”) and to wait for a later
auditory tone (Go signal) prompting the start of the movement. Two
different clay reproductions of a krapfen or cream puff objects were
placed, respectively, on a white plate or on a transparent bowl. The
container was positioned on a digital platform that triggered the EMG
recording when released by object lifting. As in the video stimuli, four
different actions were implemented: eating the krapfen by grasping the
food using a whole-hand grip, moving the krapfen by grasping the white
plate using a precision grip, eating the cream puff by grasping the food
using a precision grip and moving the cream puff by grasping the
transparent bowl using a whole-hand grip. For the eating actions they
were also asked to complete the action by bringing the food towards the
mouth (avoiding contact), while for the moving actions they were asked
to complete the action by placing the plate/bowl on a tray positioned to
their right. Actions were performed in blocks of 10 trials for each con-
dition and the order of blocks was counterbalanced between partici-
pants. For each trial, a marker on the EMG trace was obtained
concomitantly with the release of the food/container from the digital
platform. The action execution session lasted around 40 min.

Small object
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Fig. 1. Overview of the 23rd frame of the action videos embedded in congruent and incongruent contexts.
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2.5. Action observation session and MEP recording

Following a break of approximately 20 min for set-up arrangement
and for allowing cortical excitability to return to baseline levels (Classen
et al., 1998), participants underwent the action observation session. The
participant sat on a comfortable armchair in a dimly lit room, with the
monitor placed 1 m away from the eyes. Participants performed a
two-alternative forced choice (2AFC) task in which they were instructed
to observe the videos and predict which one of the two possible in-
tentions (i.e., to eat or to move) was behind the actor’s movements.
Experimental videos were displayed at the centre of a 24-inch LCD
monitor (resolution, 1920 x 1080 pixels; refresh frequency, 120 Hz) on
a black background and subtended 11.42° x 6.29° of visual angle. For
video presentation, each frame was presented for 4 refresh cycles (i.e.,
33.33 ms). Video presentation could be interrupted at an early (frame
13) or late (frame 23) action phase. As shown in the kinematics analysis
of the videos (see Supplementary Material), at frame 13, the actor was at
the very beginning of the reaching movement, providing ambiguous
kinematic information; at frame 23, the videos showed the actor’s hand
approaching the object (7 frames before the hand-object contact),
making the pre-shaping of the hand configuration highly informative
about the two action intentions. To match the duration of the videos at
766.67 ms for both interruption points, the duration of first frame of the
videos, showing a still hand, was lengthened to 366.67 ms for the early
interruption time. This way, contextual information was available for
the same amount of time for all interruption points so that any effect on
task performance reflected the amount of kinematic information of the
video and not the different duration of the videos, thus making the
comparisons among conditions more reliable. The choice of the inter-
ruption frames was dictated by the results of the behavioral task of the
pilot study, which originally also included an interruption point at an
intermediate frame (frame 18, see Supplementary Fig. 4). Since
contextual modulation was similar for both middle (frame 18) and late
(frame 23) interruption points, the former was not used in the main
experiment.

Participants were informed that videos were interrupted before ac-
tion completion and were encouraged to predict the action intention by
the available information in the videos. Task instructions encouraged
the use of kinematic information to make predictions, but also included
the presentation of the possible contextual settings and relative objects.
Participants were instructed that they were going to observe an actor
performing reach-to grasp movements towards different objects, and
they were informed that the actor could grasp the object and bring it to
the mouth with the intention to eat it or grasp the object to put it on a
white tray placed on the table with the intention to move it. Crucially,
they were also informed that some items in the scene (i.e., a teapot, a
teacup, and a tea bag) were presented in different scenarios: a set or a
cleared table. The association between contextual cues and action in-
tentions was not explicitly encouraged, thus remaining implicit.

Each trial started with a white fixation point lasting 1000 ms fol-
lowed by the presentation of the experimental video. Afterwards, a black
screen was presented for 200 ms and, in this interval, the TMS pulse was
randomly delivered at 16.67, 50, 83.33, or 116.67 ms after video offset.
This variability was implemented to avoid any priming effect that could
affect MEP size. Subsequently, a response prompt frame was presented
with the verbal descriptors of the two possible options (“mangiare” or
“spostare”, in English “to eat” or “to move”) written in white ink on a
black background. The response prompt frame remained until a
response was recorded. Since the options “to eat” or “to move” were
presented above or below the center of the screen, the participant was
asked to verbalize the response by saying “su” or “gitt” (in English “up” or
“down”) and the researcher recorded the answer with a computer
mouse. To prevent response preparation, the spatial location of the two
options was randomized across trials. The rationale of obtaining verbal
instead of button press responses was that this procedure would ensure
MEPs not to be contaminated by muscular contraction artifacts
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associated to hand-response preparation (Meister et al., 2003).
Following participant’s response, a black screen appeared for 4000 ms.
This way, we ensured an intertrial interval of at least 6500 ms, to pre-
vent cumulative effects of TMS (Chen et al., 1997) across trials. A
schematic representation of the trial structure is presented in Fig. 2.

Each of the 32 videos was presented four times with an early inter-
ruption and four times with a late interruption time, resulting in 256
stimuli randomly presented in four blocks of 64 trials each. Prior to and
following the observation task, baseline corticospinal excitability was
measured by acquiring 16 MEPs while participants passively watched a
fixation cross and 16 MEPs while they watched a static hand image, both
presented for 1250 ms. During baseline recordings, the fixation cross or
the static hand images were presented in two distinct blocks. The choice
of including both a fixation cross and a static hand ensured us to obtain a
low-level and a high-level baseline condition (Naish et al., 2014). The
order of the two blocks before and after the observation task was the
same within each participant, but it was counterbalanced across
participants.

During the action observation session, spTMS was applied to the left
M1 using a Magstim 200 stimulator (maximum output, 2 T at coil sur-
face; pulse duration, 250 ps; risetime, 60 ps) connected to a 70 mm
figure-of-eight coil (Magstim polyurethane-coated coil). MEPs were
recorded simultaneously from the FDI, ADM and ECR of the right hand.
EMG recording was as in the action execution session. The TMS coil was
placed tangentially to the scalp with the handle pointing backwards and
laterally at about a 45° angle away from the midline, approximately
perpendicular to the central sulcus (Di Lazzaro et al., 1998). The TMS
intensity during the observation session was adjusted to 130 % of the
individual resting motor threshold (rMT), which was determined as the
minimum intensity able to elicit MEPs with around 50 uV peak-to-peak
amplitude in the muscle with the lowest threshold in 5 of 10 consecutive
pulses (Rossini et al., 1994). In keeping with previous studies (e.g.,
Finisguerra et al., 2018), using the lower threshold muscle for deter-
mining rMT allowed us to avoid saturation of cortico-spinal excitability
modulation (Devanne et al., 1997) and possible loss of motor resonance
effects (Loporto et al., 2013) during recording MEPs from multiple
muscles, while ensuring reliable responses from all muscles with a
stimulation intensity of 130 % rMT. The rMT ranged from 29 to 56 %
(mean = 45.96 %; SD = 6.59 %) of the maximum stimulator output.

The entire action observation session, including baseline measures
collection, lasted around 100 min. The timing of stimuli presentation,
EMG recording and TMS trigger and the randomization of stimuli and
TMS pulses were controlled with E-Prime 3.0 software (Psychology
Software Tools Inc., Pittsburgh, PA) running on a PC.

2.6. Psychological measures

Following the action observation session, participants completed the
Italian versions of the Autism-Spectrum Quotient (AQ, Baron-Cohen
etal., 2001). The AQ has been largely used to evaluate the distribution of
autistic traits in the general population and is made of up 50 items
classified into five subscales (i.e., Attention switching, Attention to
Detail, Communication, Imagination, Social Skills). Responses are pro-
vided on a four-point rating scale ranging from definitely agree to
slightly agree, slightly disagree and definitely disagree responses.
Slightly and definitely agree or slightly and definitely disagree responses
are collapsed together in a score of 0 or 1, depending on the absence/-
presence of the autistic trait. The scoring is reversed for the items in
which an “agree” response indicates an autistic trait. Summed scores for
each subscale can range from O to 10. Higher scores reflect higher
autistic traits and in particular greater attention to details and lower
attention switching, communication, imagination, and social skills
abilities.
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Fig. 2. Schematic representation of the action prediction task used during the TMS session.

2.7. Data handling

The required sample size (N > 29) for our 3 x 2 x 2 x 2 (Muscle x
Food size x Context x Time) RM-ANOVA design was determined based
on a previous TMS study investigating the effects of kinematics and
contextual information on motor resonance during action observation
(;13 = 0.157; Betti et al., 2022). Using the G*power software (Faul et al.,
2009) with the “as in SPPS option™”, we set the effect size at 0.43, the
alpha level at 0.05 and the desired power at 80 %. For all analyses, r]f,
was used to measure the effect size and the Duncan’s test was used for
post-hoc analysis.

2.8. Electromyography data during action execution

The EMG data collected during action execution were analysed off-
line using the AcqKnowledge 5.0 software (BIOPAC Systems, Inc.,
Goleta, CA). The EMG signal was rectified using a 30-ms epoch for the
windowed mean. The mean rectified EMG signal (in puV) was then
measured in 12 bins of 200 ms starting from 1400 ms prior to the release
of the object from the platform (hand-object contact, 8th bin) and
ending 1000 ms after it, for a total of 2400 ms, covering both the reach-
to-grasp phase and the lifting phase of the motor act. For each trial, the
mean EMG signal of the second bin (200-400 ms) acquired at the
beginning of the EMG segment was used as baseline. We did not select
the first bin as baseline to avoid any contaminations concomitant with
the start of the segment recording. Then, following the procedure pro-
posed by Fridlund and Cacioppo (1986), we subtracted the EMG signal
at baseline from that at each experimental bin. The baseline-referenced
EMG activity was then averaged within experimental conditions (10
trials for each condition). Separately for each muscle (FDI, ADM, ECR),
we conducted a RM-ANOVA with 2 (Object size: Big vs. Small) x 2
(Action: Eat vs. Move) x 12 (Time Bin: 1-12) as within-subject
variables.

2.9. Behavioral data during action observation

Participants’ responses for each experimental condition of the main
action-prediction experiment were analysed using a Signal detection
theory approach (Stanislaw and Todorov, 1999). The two categories
were the “eat” and “move” actions and were based on the actual action
kinematics: videos showing “eat” actions correctly identified as “eat”
were considered hits; videos showing “move” actions wrongly detected
as “eat” were considered false alarms. A bias-corrected measures of
sensitivity in discriminating between two categories (d’) were obtained

by transforming the response proportion to z-scores, and then sub-
tracting the z-score that corresponds to the false alarm rate from the
z-score that corresponds to the hit rate (Stanislaw and Todorov, 1999).
Also, we calculated a measure of response criterion (c) for each exper-
imental condition, an index of bias in delivering specific response. The c
values were calculated by averaging the z-score corresponding to the hit
rate and the z-score corresponding to the false alarm rate, and then
multiplying the result by —1 (Stanislaw and Todorov, 1999).

After using Kolmogorov-Smirnov for checking normality in the dis-
tribution of the data, d’ and criterion scores for the action prediction
task were entered into a RM-ANOVA with 2 Object size (Big vs. Small) x
2 Context (Congruent vs. Incongruent) x 2 Interruption point (Early vs.
Late) as within-subject variables. Further we calculated the degree of
contextual modulation (i.e., difference between congruent and incon-
gruent contexts) for early and late interruption points, which were
compared with two-tailed, dependent-sample t-test analysis.

2.10. MEPs data during action observation

MEP amplitudes were measured peak-to-peak (in pV) for each
experimental trial. Since background EMG activity is known to affect
motor excitability (Devanne et al., 1997), MEPs with preceding back-
ground EMG activity in the 60 ms window before the TMS pulse devi-
ating from the mean by more than 2 SD were removed from further
analysis. Further, we excluded trials in which MEP amplitudes were
lower or higher than 2 SD from the participant’s mean in each experi-
mental condition. A total of 8.9 + 4.0 %, 9.5 4+ 3.9 % and 7.8 &+ 1.9 % of
MEPs were excluded, respectively, for the FDI, ADM and ECR re-
cordings. Individual mean MEP amplitudes were then calculated for
each experimental condition.

For the baseline recordings, after performing the same procedures of
trials exclusion done for the experimental session, we conducted a RM-
ANOVA with 2 (Time: Pre vs. Post) x 2 (Type: Fixation cross vs. Static
hand) as within-subject factors, separately for each muscle. After veri-
fying that baseline MEPs did not differ among conditions (see the Results
session), they were averaged and used as reference for the data analysis
of the MEPs obtained during the task. Indeed, to reduce inter-individual
variability, we subtracted the averaged MEP amplitude obtained during
baseline recordings from the MEP data obtained during each condition
of the action observation task, separately for each muscle. After using
Kolmogorov-Smirnov for checking normality in the distribution of the
data, the baseline-referenced MEPs data of the action prediction task
were entered into an RM-ANOVA with 3 (Muscle: FDI vs. ADM vs ECR) x
2 (Object size: Big vs. Small) x 2 (Context: Congruent vs. Incongruent) x
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2 (Interruption point: Early vs. Late) x 2 (Action: Eat vs. Move) as
within-subject variables. Further, peak-to-peak values of background

EMG activity (in pV) were extracted and submitted to the same RM-
ANOVA to verify that this did not affect the main analysis.

2.11. Correlation analysis

Spearman correlation analyses were performed to test whether the
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contextual modulation occurring at behavioral and motor levels was
associated to individual differences in autistic traits. Based on the results
of the RM-ANOVA, we calculated a differential index (Ad’ or AMEP)
obtained by subtracting, respectively, the d’ scores or the amplitude of
MEPs (separately for each muscle) obtained for incongruent contexts
from those obtained for congruent contexts.
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Fig. 3. EMG results. Mean values of the EMG signal (expressed as pV difference from baseline) during execution of actions (eat, move) directed to a big (black line)
and a small (grey line) food object, for the FDI, ADM and ECR muscles. The vertical dashed line at time bin 8 corresponds to the time of the release of the object/
container from the digital platform (i.e. the grasping time). Time bins 1-7 refer to the object reaching phase while time bins 9-12 refer to the object lifting phase.

Asterisks indicate significant differences (p < 0.05). Error bars represent SEM.
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3. Results
3.1. Action execution

The RM-ANOVA on the EMG data for the FDI muscle (Fig. 3) showed
a main effect of Time Bin (Fi1,308 = 15.62, p < 0.001, ’73 = 0.36) and
Object size x Action (Fy 28 = 18.31, p < 0.001, 1112, = 0.39), Object size x
Time Bin (F11,308 = 5.26, p < 0.001, ’7% = 0.16), and Action x Time Bin
(F11,308 = 6.45, p < 0.001, ’71% = 0.19) two-way interactions, all qualified
by a three-way Object size x Action x Time Bin interaction (Fi1,308 =
4.48, p < 0.001, ng = 0.14). Post-hoc Duncan test on the three-way
interaction revealed that the FDI was significantly more engaged for
eating the small food object (i.e., involving a precision grip) than for
eating the big one (i.e., involving a whole-hand grip) from bin 2 to bin 4
(bin 2: p = 0.024; bin 3: p < 0.001; bin 4: p = 0.001). Conversely, the
same muscle was more engaged for moving the big object container (i.e.,
involving a precision grip of the plate) than for moving the small object
container (i.e., involving a whole-hand grip of the bowl) at bins 8-12
(bin 8: p < 0.001; bin 9: p < 0.001; bin 10: p = 0.002; bin 11: p = 0.007;
bin 12: p < 0.001). Collectively, this pattern of results suggests that the
FDI was more engaged during precision (i.e., for the eating action
directed to the small object and for the moving action directed to the
plate containing the big object) than whole-hand grips (i.e., for the
moving action directed to the bowl containing the small object and for
the eating action directed to the big object). More precisely, the FDI was
more activated for the eating action directed to the small object
particularly during the reaching phase and for the moving action
directed to the big object particularly during the lifting phase.

The RM-ANOVA on the EMG data for the ADM muscle (Fig. 3)
showed a main effect of Time Bin (Fy1,308 = 12.78, p < 0.001, '7;2> =0.31)
and an Action x Time Bin interaction (F11,308 = 2.31, p = 0.009, 115 =
0.08), which were qualified by a three-way Object size x Action x Time
Bin interaction (F11,308 = 4.47, p < 0.001, r]g = 0.14). Post-hoc Duncan
test on the three-way interaction revealed that, in the eating action, the
ADM was significantly more engaged for the big than the small object at
bin 5 (p = 0.002); in the moving action, the ADM was significantly more
engaged for the small than the big object at bins 6 (p < 0.001) and 7 (p =
0.003). Collectively, this pattern of results revealed that the ADM,
particularly during the reaching phase, was more engaged during whole-
hand (i.e., for the eating action directed to the big object and for the
moving action directed to the bowl containing the small object) than
precision grips (i.e., for the eating action directed to the small object and
for the moving action directed to the plate containing the big object).

The RM-ANOVA on the EMG data for the ECR muscle (Fig. 3) showed
main effects of Action (Fy 28 = 10.87,p = 0.002, 113 =0.28) and Time Bin
(F11,308 = 10.49, p < 0.001, ’15 = 0.27) and an Action x Time Bin
interaction (Fq1,308 = 1.83,p = 0.048, ’71% = 0.06), all qualified by a three-
way Object size x Action x Time Bin interaction (Fiq,30s = 3.86, p <
0.001, '7% = 0.12). Post-hoc Duncan test revealed that, in the eating
action, the ECR was significantly more engaged for the big than the
small object at bins 4 (p = 0.019) and 5 (p < 0.001); in the moving
action, this muscle was significantly more engaged for the small than the
big object at bin 5 (p < 0.001) and 6 (p = 0.029). Similar to the ADM, the
ECR was more engaged during actions with whole-hand than precision
grips and was more activated for the eating action directed to the big
object and for the moving action directed to the small object, mostly
during the reaching phase.

3.2. Action observation: behavioral data

The RM-ANOVA on d’ (Intercept: F; 23 = 539.63, p < 0.001, #2 =
0.96, Fig. 4) yielded significant main effect of Object size (Fy 2 = 4.20, p
= 0.049, '7% = 0.13), with better performance for big (2.573 + 0.107)
than small (2.437 + 0.118) objects. Furthermore, the main effects of
Context (Fq 28 = 8.41, p = 0.007, ’73 = 0.23) and Interruption point (F; 2
=175.29, p < 0.001, ’h% = 0.86) and their two-way interaction (Fy 28 =
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Fig. 4. Behavioral results during action observation. Upper panel: participants’
sensitivity (d’) in predicting the action towards the big (black line) or the small
object (grey line) for the two contexts (congruent, incongruent) at the two
interruption points (early, late). Lower panel: participant’s response criterion
for the same conditions. Data points represent group averages. Asterisks indi-
cate significant comparisons (p < 0.05). Error bars represent SEM.

16.69, p < 0.001, ’7;2> = 0.37) were significant. Duncan post-hoc com-
parisons showed that d’ scores were higher for congruent than incon-
gruent contexts for both early (congruent: 2.339 + 0.110, incongruent:
1.339 £+ 0.200, p < 0.001) and late (congruent: 3.349 + 0.048, incon-
gruent: 2.992 + 0.251, p = 0.003) interruption points. However, the
contextual modulation (i.e., difference between congruent and incon-
gruent contexts) was greater for the early (1 + 1.245) than the late
(0.357 £ 1.408, tyg = 4.085 p < 0.001) interruption point.

The RM-ANOVA on response criterion (Fig. 4) yielded significant
main effects of Object size (F 28 = 36.10, p < 0.001, ;712, = 0.56) and
Interruption point (F; 28 = 5.27, p = 0.029, 1712, = 0.16), as well as sig-
nificant two-way interactions between Object size and Context (Fy 25 =
57.37,p < 0.001 '71% = 0.67), Object size and Interruption point (Fj 28 =
8.38,p =0.007, ’11% = 0.23), Context and Interruption point (F; 28 = 5.84,
p=0.022, '73 = 0.17), all qualified by a significant three-way interaction
between Object size, Context and Interruption point (Fy o8 = 72.85, p <
0.001, 115 = 0.72). Duncan post-hoc comparisons showed that, in the case
of congruent contexts, no differences emerged between objects, either
for the early (big: —0.150 + 0.054, small: —0.128 + 0.059, p = 0.584) or
for the late interruption point (big: 0.050 + 0.035, small: 0.013 + 0.032,
p = 0.387). In the case of incongruent contexts, the response criterion
was higher for the big (0.324 + 0.052) than for the small object at the
early interruption point (—0.379 + 0.071, p < 0.001), while the differ-
ence between objects was only marginally significant at the late inter-
ruption point (big: 0.033 + 0.037, small: —0.049 + 0.031, p = 0.058).
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This means that, at early interruption points and for incongruent con-
texts, participants had a bias in reporting a moving action for the big
objects and an eating action for the small objects, suggesting that
response bias was independent from the affordance provided by the size
of the food object. Indeed, independently from the container, one could
expect that, in the absence of informative context and kinematics, the
cream puffy afforded a precision grip, while the krapfen a whole-hand
one, reflecting into a bias to report an eating action, which should
lead to a negative criterion for both objects. Conversely, for both objects,
we found a bias to report an action associated to a precision grip,
required to eat the small object and to move the big object. In keeping
with previous findings of higher accuracy for predicting a precision than
a whole-hand grip (Amoruso et al., 2016), this bias for reporting a
precision-grip action might reflect its easier detection, since it deviates
more and earlier from the hand pre-shaping with a maximal finger
aperture compared to a whole-hand grip.

3.3. MEPs data during action observation

The RM-ANOVA on baseline measures showed no significant effects
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for any muscles (FDI: all F < 2.3, p > 0.14, ;1% < 0.07; ADM: allF < 0.1,p
> 0.79, 1112, < 0.01; ECR: allF < 0.2, p > 0.78, 113 < 0.01). This suggested
that baseline CSE was comparable while viewing a fixation cross and a
static hand and remained stable across the experimental session.

The RM-ANOVA on baseline-referenced MEPs during the action
prediction task (Intercept: Fj 25 = 11.02, p = 0.002, ng = 0.28, Fig. 5)
yielded a significant Muscle x Object size interaction (Fy 56 = 4.38,p =
0.017, '7% = 0.13), qualified by a four-way Muscle x Object size x
Context x Action interaction (Fa 56 = 6.29, p = 0.003, 1712) = 0.18).

Duncan post-hoc test of the modulation of the FDI across observation
conditions revealed that, when eating actions were shown in congruent
contexts (i.e., a set table), FDI CSE was higher for the small (268.557 +
56.535 V) than the big object (214.293 + 63.465 uV; p = 0.046), in
keeping with the pattern of EMG activation of this muscle during the
reaching phase of eating action execution. Relatedly, observing the
precision grip required to reach the cream puff activated more the FDI
than the whole-hand grip required to reach the krapfen. This between-
object difference did not emerge for the moving action (small:
247.698 + 59.553 uV; big: 268.427 + 73.418 uV, p = 0.382), namely
between the reaching of the plate containing the krapfen and of the bowl
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Fig. 5. MEP results (expressed as uV difference between each condition and baseline) during the action prediction task for the FDI, ADM and ECR muscles for big
(black bar) and small (grey bar) objects for eating and moving actions embedded in congruent and incongruent contexts. Asterisks indicate statistically significant
differences (p < 0.05); error bars indicate SEM.



V. Bianco et al.

containing the cream puffs. Furthermore, for congruent contexts, the
FDI MEPs were higher while observing the actor grasping the plate
containing the big object to move (precision grip) than when grasping
the big object to eat (whole-hand grip, p = 0.042). This pattern reversed
in the case of incongruent contexts, when the FDI CSE was higher for
moving the small (276.495 + 64.936 uV) than the big object (203.392 +
66.172 uV; p = 0.008), while no between-object difference was observed
for the eating actions (p = 0.324). Therefore, for the moving action, the
FDI activation reflected the pattern of the kinematics suggested by the
context (i.e. incongruently pointing at a whole-hand grip for eating the
krapfen and at a precision grip for eating the cream puff). Additionally,
for the small objects embedded in incongruent contexts, FDI MEPs were
higher for the moving (when context pointed at eating the cream puff
with a precision grip) than the eating action (when context pointed at
moving the bowl with a whole-hand grip) (215.917 + 58.574 uV, p =
0.025). Thus, independently from kinematics and the interruption time,
the facilitation of FDI CSE during observation of actions directed to
small objects was maximal when the objects were embedded in a set
table, which pointed to an eating action (i.e., eat-congruent and move-
incongruent conditions). Its facilitation during observation of actions
directed to big objects was greater when the context and kinematics
congruently pointed to a moving action, while this action-specific
modulation was suppressed for incongruent kinematic-contextual
information.

For congruent contexts, the ADM showed an opposite pattern as
compared to the FDI. Indeed, when eating actions were shown in
congruent contexts (i.e., a set table), the ADM CSE was higher for the big
(159.421 + 45.948 pV) than the small object (76.839 + 45.704 uV; p =
0.004), in keeping with the pattern of EMG activation of this muscle
during the reaching phase of eating action execution. Relatedly,
observing the whole-hand grip required to reach the krapfen activated
more the ADM than observing the precision grip required to eat the
cream puff. This between-object difference did not emerge for the
moving action (small: 134.059 + 46.821 uV; big: 127.094 + 47.57 uV, p
= 0.783), namely between the precision grip required for reaching the
plate containing the krapfen and the whole-hand grip required for
reaching the bowl containing the cream puffs. Further, for congruent
contexts, the ADM MEPs were higher while observing the actor grasping
the bowl containing the small object to move compared to grasping the
small object to eat (p = 0.045). In the case of incongruent contexts, the
ADM MEPs were higher for moving the plate containing the big object
(155.559 + 50.784 uV) than for eating the small object (82.318 +
50.445 pV; p = 0.007). However, all the other comparisons were not
significant all ps > 0.09. Overall, this suggests that the incongruence
between the kinematic and contextual information suppressed the
action-muscle specific modulation of ADM that was observed in
congruent contexts.

For the ECR, Duncan post-hoc revealed no significant differences
between any conditions (all ps > 0.636), confirming that the facilitation
of the CSE of this muscle was not modulated by the observation of
different types of reaching-to-grasp actions.

Further, an Object size x Interruption point x Action three-way
interaction emerged (Fos6 = 4.74, p = 0.038, ryg = 0.14). Post-hoc
Duncan test on this three-way interaction revealed that, when the
interruption point was late, MEPs were higher for the moving (172.17 +
46.267 uV) than the eating actions (116.883 + 45.982 uV; p = 0.003)
directed to the small object. No other significant differences emerged for
any comparison (all ps > 0.070). All other effects of the RM-ANOVA
were not significant (all Fs < 2.98, all ps > 0.059, all nf, < 0.09).

The RM-ANOVA on the raw background EMG activity only yielded a
main effect of Muscle (Fo 56 = 9.26, p < 0.001, 171% = 0.25), with the ECR
(66.67 + 5.09 uV) showing higher background EMG activity than the
FDI (44.5 £+ 6.18 pV; p = 0.003) and ADM (37.08 + 4.8 uV; p < 0.001),
which did not differ each other (p = 0.3). The generally high background
EMG activity before the TMS pulse across muscles, and particularly that
of the ECR, is likely to reflect postural adjustments during the long
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action observation session or to signal recording noise that could not be
attenuated. All other effects of the RM-ANOVA were not significant (all
Fs < 3.89, all ps > 0.056, all ng < 0.09), suggesting that our effects on
MEP modulation were not driven by alterations of background EMG
activity during action observation.

3.4. Correlation analysis

Spearman correlations between Ad’ and the AQ scores were not
significant for any domain. For what concerns the ADM, we found sig-
nificant negative correlations between AMEP and the communication (rs
—0.41, p = 0.023) and the imagination (r; = —0.38, p = 0.04) sub-
scales (Fig. 6). Collectively these findings indicate that, for the ADM,
higher levels of autistic traits reflecting communication and imagination
deficits were associated with a reduced contextual modulation of motor
resonance.

4. Discussion

In the present study, we aimed at testing the effects of the interaction
between kinematics and contextual information on behavioral perfor-
mance and motor resonance during an action prediction task. We used
videos showing everyday-life actions in which we manipulated the ki-
nematics of the observed actions, by using actions directed to small or
big food objects placed in a container and performed with different in-
tentions to eat the food object or to move its container. Crucially, we
preliminarily recorded EMG during the execution of eating or moving
actions directed to the objects or to their container to define which
muscles were differentially involved in the two motor acts. Afterwards,
we measured MEPs from these muscles while the same participants were
administered an action prediction task involving the observation of
these actions performed by an actor in the context of a breakfast scenario
that could be congruent or incongruent with the intention suggested by
the kinematics of the action.
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Fig. 6. Correlational results for the MEP differential index (AMEP) of the ADM

and the communication (up) and imagination (bottom) subscales. Significant
negative correlation emerged.
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4.1. Contextual modulation affects action discrimination performance

The behavioral findings showed that sensitivity, which was defined
based on kinematics, increased as a function of action deployment from
the early to the late interruption point, independently from object type
and context. Thus, action prediction performance was dependent on the
availability of the kinematics cues, which were increasingly more visible
with the progression of the observed action (Ansuini et al., 2014; Bec-
chio et al., 2018) also in the case of contextualized actions (Bianco et al.,
2024). Importantly, at both early and late interruption points, the two
action intentions led to small difference in terms of kinematic parame-
ters (i.e., thumb-index finger, thumb-little finger, and wrist-table dis-
tances; see Supplementary Fig. 3) of the movements directed to the two
object sizes. Participants were able to detect these differences, since
their sensitivity to action discrimination was nevertheless good (d’ > 1)
at the earliest interruption point and when context provided incon-
gruent information. This is in keeping with previous evidence that even
limited kinematics information can be used by the observers to
discriminate between alternative action intentions (Cavallo et al.,
2016). Previous studies demonstrated that differences in the kinematics
profile of observed actions does not necessarily imply that the onlooker
can spot this information (Becchio et al., 2018) and that the informa-
tiveness of kinematics does not necessarily increase over time (Ansuini
et al., 2015). However, the behavioral results clearly demonstrated that
the informativeness of the kinematics was higher for later than earlier
interruption points both in the main and in the pilot experiments (see
Supplementary Fig. 4). Furthermore, while the behavioral results of the
main experiment, where actions were embedded in congruent or
incongruent contexts, might be inflated by contextual information, the
pilot experiment (see Supplementary material) took a pure measure of
kinematic informativeness, void of contextual information, by present-
ing actions embedded in neutral-context scenarios. The results showed
that, even in the absence of contextual information, participants were
able to discriminate the two action intentions from their kinematic
profile, with this ability increasing at later interruption points. However,
since kinematic informativeness seemed to plateau at the intermediate
interruption point (i.e. 18th frame), we decided to use only early and
late interruption points in the main experiment.

Crucially, results also confirmed that the congruency/incongruency
between sensorial and contextual information did have an impact on the
perception of action intentions (Amoruso and Urgesi, 2016; Amoruso
et al., 2016, 2019, 2020; Bianco et al., 2020; Betti et al., 2022, 2024).
Indeed, when the contextual setting (i.e., as an effect of top-down ex-
pectations) pointed at the opposite intention compared to the one sug-
gested by kinematics (i.e., the actual sensory information), prediction
performance was impaired (Friston, 2010; Knill and Pouget, 2004;
Dunovan et al., 2014). This occurred not only at early phases of action
unfolding, when kinematics was ambiguous, but also at later phases,
when more kinematics cues were available. Thus, contextual effects are
not only contingent on the ambiguity of kinematic information, but
contextual information is iteratively integrated with kinematics to better
explain others’ behavior (Amoruso and Finisguerra, 2019). This evi-
dence fits well with a recent behavioral study (Bianco et al., 2022) in
which the authors investigated the interaction between implicit
contextual priors and explicit learning using an action prediction task.
Crucially, this study demonstrated that, even after providing a
trial-by-trial performance feedback that reinforced the use of kinematic
information, the advantage of predicting ambiguous actions embedded
in high-probability compared to low-probability contexts persisted.
This, together with our results, supports the view that the top-down
expectations are continuously integrated with the actual sensory
input, independently from its degree of reliability, to make the best
predictions of upcoming actions.
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4.2. Muscular activity patterns of action execution

For what concerns the EMG measurements during action execution,
we found that performing reaching-to-grasp actions towards big or small
objects did produce a differential involvement of specific finger muscles,
namely the FDI and the ADM. Indeed, the FDI was more activated for
precision grip actions, thus for the eating action directed to the small
object, mostly during the initial reaching phase, and for the moving
action directed to the container of the big objects, mostly during the
lifting phase. Conversely, the ADM was more activated for whole-hand
grasping actions, thus for eating actions directed to the big object and
for the moving actions directed to the container of the small object,
mostly during the late reaching phase in either condition. The presence
of a double dissociation between the involvement of different finger
muscles in movements directed to different intentions represented a key
strength of the present study, in that it allowed us to further explore if
the muscle-specific activation was mirrored by motor resonance during
the observation of the same movements. Further, we expected that the
lifting phase induced a higher activation of all muscles compared to the
reaching phase, in line with previous studies (e.g. Betti et al., 2022;
Finisguerra et al., 2018; Lemon et al., 1995). The evidence that this did
not hold true for the present study was presumably related to the specific
experimental setting. Indeed, in our case the lifting of the object was not
limited to the maintenance of the contraction to counteract gravity, but
it also included horizontal displacement to bring the object to the
mouth, for the eating action, or to move it onto the tray, for the moving
action. The displacement might have reduced the load on the required
force for the muscular contraction related to the lifting. This finding
further highlights the importance of registering EMG activity to under-
stand the actual patterns of muscular activation during specific actions.

4.3. Cortico-spinal excitability during action observation

The muscle-specific activations observed during action execution
were broadly mirrored at motor level during the observation of the same
actions in congruent contexts. Indeed, when reaching-to-grasp move-
ments were embedded in congruent contexts, namely in contextual
scenarios pointing at the same intention subtended by the kinematics
profile, CSE during action observation followed the pattern of muscle-
specific activations observed during action execution. Specifically, FDI
MEPs were higher for the eating action directed towards the small ob-
ject, which prompted a precision grip, than for the same action intention
but directed towards the big object, which prompted a whole-hand grip.
Additionally, FDI MEPs for the eating action directed to the big object
were lower than those obtained for the moving action directed to the
same big object, which prompted a precision grip. Conversely, ADM
MEPs were higher for the eating action directed towards the big object,
which prompted a whole-hand grip, than for the same action intention
but directed towards the small object, which prompted a precision grip.
Further, ADM MEPs for the eating action directed to the small object
were lower than those observed for the moving action directed to the
same small object, which prompted a whole-hand grip.

Crucially, when the reaching-to-grasp movements were embedded in
incongruent contexts, namely in contextual scenarios pointing at the
opposite intention compared to that subtended by the kinematics pro-
file, the mirroring of muscle-specific activations was cancelled out or
even reversed. Indeed, in the incongruent condition, in which the
context suggested an eating intention (i.e., ideally performed with a
precision grip for the small object and with a whole-hand grip for the big
object), the FDI MEPs for moving the bowl of the small objects (requiring
a whole-hand grasping and mainly involving the ADM) were higher
compared to those for moving the plate on which the big objects was
placed (requiring a precision grip and mainly involving the FDI).
Furthermore, the FDI MEPs for moving the small object when the
context pointed to an eating intention were also higher than the FDI
MEDPs for eating the small object when the context pointed to a moving
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intention. For the ADM, the differences between actions obtained for
congruent contexts disappeared when actions were embedded in
congruent contexts.

In sum, in keeping with the results obtained by Betti et al. (2022) for
the ADM CSE during the observation of whole-hand grasping of objects,
the FDI CSE was maximally facilitated whenever the context pointed to a
precision grip to implement the intention to either eat a small piece of
food or move the container of a big piece of food. Conversely, the ADM
CSE was facilitated during observation of actions implying a
whole-grasp actions to implement the intention to either eat a big piece
of food or move the container of small pieces of food, but only when
contextual cues converged in suggesting the same intention. Impor-
tantly, this contextual modulation of motor resonance could not be
ascribed to a general emotional reaction to stimuli embedded in
incongruent compared to congruent contexts, since the preliminary
validation of the stimuli revealed that contextual congruence modulated
the evaluation of the stimuli in terms of action plausibility, but not in
terms of emotional valence (see Supplementary Fig. 2).

That the double action-muscle dissociation during action prediction
was more specific for the FDI than for the ADM muscle might relate to
the timing at which the two muscles were more involved in performing
precision or whole-hand actions. Indeed, the FDI showed selective
modulation of EMG activation according to object size at both reaching
and lifting phases, while the ADM only at the reaching phase. It is also
worth noting that thumb-opponent movements of the index finger
(contributed by the FDI) are required, even if at different strength, in
both whole-hand and precision grips, while little-finger opponency
(contributed by the ADM) is only involved for whole-hand grips.
Therefore, although previous studies have shown different modulation
of FDI and ADM CSE for precision and whole-hand grasping (Cretu et al.,
2019), the level of selectivity of the two muscles may differ for different
actions. Indeed, the contextual modulation of object-directed actions
found by Betti and co-authors (2022) did acknowledge the modulation
of the ADM CSE, but the discrimination concerned only whole-hand
grips that led to different object lifting according to the underlying
intention.

Furthermore, the different modulation of FDI and ADM CSE could
also be related to how the stimuli were processed to perform the task.
When actions were interrupted very early, no evidence of responses bias
was found for actions embedded in congruent contexts, while, in
incongruent contexts, responses were biased toward the intention to
move (i.e., positive response criterion) for big objects and toward the
intention to eat (i.e., negative response criterion) for small objects. Since
in both cases this response bias pointed to a greater involvement of the
FDI, it may have boosted the selective modulation of FDI MEPs and
hindered that of the ADM. In a similar vein, we found that MEPs for the
ECR did not follow the kinematics profile suggested by action execution,
neither were affected by contextual modulation. Therefore, although the
involvement of this muscle during action execution was like the ADM,
muscle-specific activations were not mirrored at motor level. This might
be related to the fact that the ECR was not clearly visible in the videos or
because this muscle was greatly involved in the execution of both ac-
tions directed to either object (with peak differences always > 10 pV),
which might have saturated any specific modulation during action
observation.

Last, a crucial aspect that deserves further consideration is related to
the between the correspondence between the action execution and the
action observation results, considering the consistently reported simi-
larity of mechanisms underlying both execution and observation (e.g.
Cesari et al., 2011). For instance, the evidence that no differences
emerged for the FDI during execution of the reaching-to-move actions
directed to the small and big objects could be due to the coding of not
only of the size (and hence grip type) of the object but also of its weight,
which was comparable for the two object-container combinations and
has been shown to affect motor activation (Alaerts et al., 2010a,b, 2012;
Finisguerra et al., 2018; Runnalls et al., 2014), especially for the FDI
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muscle (Valchev et al., 2015). Importantly, in our study no differences
emerged for the moving action between big and small objects also for
the observation results, at least when actions deployed in a congruent
context (please refer to the congruent condition in Fig. 5), pointing to
the correspondence between muscular activation during action obser-
vation and execution.

Collectively, our findings provide further evidence that the obser-
vation of others’ actions prompts the activation of the corresponding
motor representations in the onlooker’s motor system (Rizzolatti and
Craighero, 2004) in a muscle specific manner. However, in keeping with
our hypothesis of a continuous integration between contextual expec-
tations and kinematics, these motor representations are strongly
modulated by top-down contextual expectations (Amoruso and Fin-
isguerra, 2019). Further, extending the results of Betti and co-authors
(2022), where arbitrary contextual cues were associated to a given ac-
tion after an intensive learning phase, here we showed that contextual
modulation shapes motor resonance also for what concerns every-day
life actions which are embedded in ecological contexts, as in the case
of a typical breakfast table.

Notably, the finding that contextual information is actively shaping
the motor processing of observed actions has been previously
acknowledged when contextual cues anticipated kinematic information
or in case of ambiguous sensorial information (Amoruso and Urgesi,
2016; Amoruso et al., 2016, 2018a,b, 2020; Betti et al., 2022; Cretu
et al., 2019; Koul et al., 2019). According to sensorimotor views of ac-
tion understanding, representing the intention underlying an action is
directly related to the unfolding parameters of the viewed movement
(see Becchio et al., 2018 for review). In this view, only at initial stages of
action deployment does motor resonance mirror “expected” action;
conversely, it codes the ongoing kinematics whenever sensorial infor-
mation is available at later stages of action observation (Cavallo et al.,
2013). The decoding of an action goal is, therefore, related to the linking
of kinematics cue of an observed action to the motor chain to which it
belongs. However, previous studies have often showed action kine-
matics in an empty surrounding, providing only verbal cues about the
expected movements, a condition that strongly differs from the
complexity of contextual information in ecological situations. By using
ecological contextual scenarios, here we support predictive coding ac-
counts of action understanding (Friston, 2010; Knill and Pouget, 2004),
by showing that motor resonance is modulated by contextual expecta-
tions not only when kinematics information is ambiguous (i.e., under
conditions of perceptual uncertainty), but even when it can clearly
differentiate between the opposite intentions. Indeed, it is relevant that,
even if at behavioral level we observed an improved performance for
late than early occlusions (i.e., with increased kinematics information,
in line with Bianco et al. (2024)), this was not mirrored at motor level,
independently from the contextual modulation. This might suggest that
our measure of motor resonance with MEP recording was not sensitive
enough to reflect more subtle action prediction processes that may occur
later and/or at a different level of motor coding (Finisguerra et al., 2015;
Soriano et al., 2019). Further, our findings that motor resonance is
susceptible to top-down processes are in keeping with evidence high-
lighting the crucial role of goals in action processing (Cattaneoet al.,
2013; Decroix et al., 2020; Barchiesi et al., 2022).

4.4. Contextual modulation and autistic traits

The presence of a relation between individual autistic traits and the
contextual effects on corticospinal excitability during the prediction of
observed actions for the ADM might point at an association between
autistic traits and an impaired sensitivity of motor resonance to
contextual modulation (Amoruso et al., 2018b; Betti et al., 2022).
Therefore, the impairments in context-based prediction of actions
largely observed in clinical ASD (Sinha et al., 2014; Schuwerk et al.,
2016; Amoruso et al.,, 2019) might extend to the individual levels of
subclinical autistic traits. Our results corroborate a previous study
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(Puzzo et al., 2009) showing that participants with higher autistic traits
showed reduced motor resonance when observing dynamic compared to
static displays of actions. Of note, we did not find a correlation between
individual autistic traits and contextual modulation at behavioral level,
in keeping with previous studies (Amoruso et al., 2018a,b; Betti et al.,
2022; Bianco et al., 2020; Bianco et al., 2024). Altogether, this would
point at a deficit in the motor coding of context-based prediction in
subclinical ASD, but at the same time, at the existence of compensatory
processes for action prediction performance. Even if linked to subclinical
and not to a clinical sample of individuals with ASD, these findings
might be of clinical interest. This result can indeed increase the under-
standing of the deficits in the clinical sample of ASD individuals.
Furthermore, given the possibility to improve the use of contextual prior
information for action prediction through non-invasive brain stimula-
tion (Oldrati et al., 2021) and/or Virtual Reality cognitive training (Butti
et al., 2020; Urgesi et al., 2021), it can encourage studies aiming at
boosting the use of contextual information for social prediction in a
rehabilitation setting.

4.5. Limitations and future directions

The conclusions that can be drawn from our results must be
considered in the light of the study limitations. First, differently than in
previous studies (Amoruso and Urgesi, 2016; Amoruso et al., 2016,
2018a, 2020), we used only a single type of food-directed actions.
Therefore, we cannot infer how the contextual modulation of motor
resonance may similarly extend to other types of object-directed actions.
Testing different types of object-directed actions would contribute to
disentangling if the contextual modulation of motor resonance is
affected by the strength of the association between selected
object-directed actions and the specific context. Second, the sampling of
the temporal dynamics of contextual modulation of behavioral and
cortico-motor responses was limited to the initial stages of action pro-
cessing. Testing the modulation of motor resonance at intermediate and
later phases of action deployment might have allowed a better
description of the time course of context modulation on action predic-
tion and motor resonance. However, we tested intermediate interrup-
tion times in the pilot behavioral experiment (see Supplementary Fig. 4),
and we did not find any difference with performance at later interrup-
tion times. Relatedly, we recorded MEPs after the conclusion of the
video, which lasted the same for the two different interruption points.
Therefore, any effect on motor resonance response could reflect the
integration of increasing kinematic information available in the video
with the contextual information that was available since the very
beginning of the video. This effect could have masked the time course of
context processing in the motor system, as revealed by Amoruso et al.
(2016). Thus, future studies should aim to dissociate the availability of
kinematic information and the time of context processing to better
clarify the integration of context and kinematic processing in an ob-
server’s motor system. A further limitation of our study is that we did not
measure EMG activity while recording action execution performed by
the actors of our video stimuli as done in other studies (e.g., Soriano
et al., 2018). However, we prioritized preserving the naturality of the
movement, which could have been hindered by the actor wearing the
electrodes, both for the actor and the observer. Relatedly, future in-
vestigations should consider comparing the action observation of the
participants with their own action execution sessions to reduce the
inter-individual variability in motor control strategies and better shape
the one-to-one mapping between observed kinematics and underlying
motor commands. (e.g., Hilt et al., 2020). Last, we must acknowledge
that performing an action rather than pretending to perform an action
can lead to different kinematic profiles (Ansuini et al., 2016) and ob-
servers can detect these kinematic differences at behavioral (Podda
et al., 2017; Quarona et al., 2020) and neural levels (Kroliczak et al.,
2007). We tried to keep as more natural as possible the movements by
asking the actors to bring the object to the mouth or to place it on the
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tray, but it was not possible to repeatedly record real eating actions,
during either video or EMG recording, for feasibility reasons.

4.6. Conclusions

The present findings clearly point at an integration of contextual and
kinematic information (e.g., Koul et al., 2019), in the context of motor
chains (e.g., Soriano et al., 2018), at behavioral and motor levels during
action observation. Leveraging a double-muscle dissociation we
extended previous studies showing that this integration occurs inde-
pendently from kinematics information ambiguity. Thus, contextual
information does not only compensate for missing kinematics informa-
tion, but it qualifies kinematic mapping at levels of action prediction.
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