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Abstract
Current literature supports the notion that the recognition of objects, when visually presented, is sub-
served by neural structures different from those responsible for the semantic processing of their nouns.
However, embodiment foresees that processing observed objects and their verbal labels should share
similar neural mechanisms. In a combined behavioural and MEG study, we compared the modulation of
motor responses and cortical rhythms during the processing of graspable natural objects and tools, either
verbally or pictorially presented. Our �ndings demonstrate that conveying meaning to an observed object
or processing its noun similarly modulates both motor responses and cortical rhythms; moreover, natural
graspable objects and tools affect in a different manner both behavioural and MEG results, independent
of presentation modality. These �ndings provide experimental evidence that neural substrates
responsible for conveying meaning to object overlap with those where the object is represented, thus
supporting an embodied view of semantic processing.

Introduction
What is semantics? Classically, semantics refers to our capacity to attribute meaning to the events and
the entities (such as objects, words, feelings, and so on) that we experience during lifespan and organize
in a symbolic system. Language is the symbolic system that we use to represent this knowledge about
the world, but how this knowledge is organized in the brain and how it is related to the real world is a
matter of debate within the neuroscienti�c literature. In recent times, it has been proposed that the
speakers understand linguistic material thanks to a recruitment of those sensory, motor and even
emotional systems involved in experiencing the content expressed by that linguistic material 1–7. This
approach contrasts with a more classical one, claiming language as an amodal function, that is
completely disentangled from those sensorimotor systems normally involved in experiencing its content
8–11. Indeed, these two approaches are not mutually exclusive, and some authors have tempted to
combine the two views. In this perspective, authors do not deny a potential role of sensory, motor and
emotional systems in building up concepts, although they claim that the knowledge about objects ad
their concepts are stored in brain areas distinct from those where individuals experience the different
features of objects 12–16.

Within this general framework, emphasis has been given to objects and their correspondent verbal labels,
nouns. The central claim is that information about the features of an object, such as its form, its size, the
manner in which we act upon it, is stored in our sensorial, motor, and emotional systems 15. For instance,
it has been demonstrated that words related to odorants (e.g., cinnamon) activate the olfactory system 17,
words related to taste (e.g., salt) activate the gustatory one 18 and also words related to emotion activate
the corresponding area (e.g., disgust)19. However, this evidence does not rule out the possibility that,
despite the involvement of the cortex used to experience the sensory or motor content, the mechanism
(and possibly the areas) allowing us to attribute the meaning could be different 13,15,20. The brain regions
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where individuals store object concepts and names seems to be distinct from the regions in which such
features are experienced, thus constituting the so-called semantic hubs 13,15,21.

A further point of interest is that, in current literature, observed objects seems to be differently analysed
from their corresponding nouns. There is a general agreement that two visual streams subserve the
processing of objects when observed 22–24. When individuals have to interact with objects, the dorsal
stream, including fronto and parietal areas, is mainly involved. This stream is devoted to sensorimotor
transformation that make possible the choice of the most appropriate motor program to act upon the
observed object. The recognition of object, however, is subserved by the ventral stream including some
speci�c temporal areas (e.g., lateral occipital temporal cortex, anterior and inferotemporal regions). As a
further support to this view, clinical �ndings showed a dissociation between the ability to recognize an
object, following a damage in the temporal lobe,  and the ability to correct use the object after damage to
the parietal cortex 25–30. Indeed, these two streams are not completely segregated but they rather interact
to update our functional knowledge and our capacity to interact online with an object 25,31–35. To sum up,
the neural substrates devoted to object recognition, when visually presented, seem to be distinct from
those subserving the semantic of objects when expressed by their verbal referents (i.e., the nouns). Note
that the noun of an object is considered to coincide with the concept of the object itself 15,36.  

Tools are a special class of graspable objects for humans. The study of tools is interesting since tools
have an associated functional use that involves a particular modality of interaction with the object, rather
than just the feature to be grasped, as natural objects have 25. Furthermore, humans use tools in different
contexts, thus requiring a generalization process and the conceptual knowledge of their use 27.
Functional neuroimaging studies focusing on tools have demonstrated that the use of tools elicits an
activation of many distinct brain areas, including the left supramarginal gyrus (SMA) 37–46, the PMv 47–

49, the left inferior frontal gyrus (IFG) bordering pars opercularis 27, and the left insula 38. Overall, these
studies show that tools are represented in circuits distinct from those when natural objects are
represented. Speci�cally, tools seem to be represented in a fronto-parietal circuits corresponding to
ventro-dorsal subdivision of the dorsal pathway 50,51. Moreover, this different representation is possible
already present in non-human primates 52.

As for natural objects, some recent studies have suggested that the verbal labels and the observed
objects share similar semantic mechanisms 2,53–59. In details, participants provided with slower motor
responses for natural graspable objects and nouns as compared to non-graspable ones 53,60. The authors
proposed that when participants are engaged in two different tasks, that is the object processing (either
pictorially or verbally presented) and the preparation of motor responses, the motor system is involved in
both and therefore there is a competition for neuronal resources, leading to a slowing down of motor
responses.

In the present study, we directly compared the modulation of motor system during the processing of
natural graspable objects either verbally or pictorially presented, and graspable tools, presented in the
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same modalities. If one accepts the embodiment approach, these two object categories should lead to a
different modulation of the motor system, regardless of the presentation modality, since natural
graspable objects and tools are differently represented in the brain. On the contrary, if semantics of
objects is distinct from their motor representations, then a different modulation could be still potentially
found for observed objects but appears unlikely for nouns, since the nouns of objects are stored in
speci�c hubs. In the present study, we have addressed this issue with a go/no-go task already used in
previous studies of our group 53,61and with Magnetoencephalography (MEG), looking at the modulation
of beta rhythm during the semantic processing of natural objects and tools, presented either by nouns or
by images. Beta band oscillations are the predominant rhythm originating in the motor cortex with a
typical pattern of suppression and rebound during movement 62. Beta suppression, or desynchronization,
starts several hundred milliseconds before movement onset in self-paced or externally cued movements
and becomes maximal around the time of movement execution. This suppression was adopted to study
the neural correlates of action observation 63,64, motor imagery 65–67 and action related language 61,68. In
the present study this rhythm has been exploited to reveal the neural correlates of object observation and
noun processing and the underlying neurophysiological mechanisms of behavioural responses. In this
study, behavioural �ndings have shown that hand-motor responses were slower for natural graspable
objects as compared to tools, regardless of presentation modality, and in keeping with this, the
modulation of beta rhythm has shown a weaker decrease during the processing of natural stimuli as
compared to tools.

Results
Experiment 1 - Behavioural study

Data were collected from twenty-eight participants. One participant was excluded from analysis since
he/she performed 120 errors. All other participants performed the task well with few errors (5.3%). Error
trials were checked, excluded without replacement and they were not analysed further.

Repeated measures ANOVA (rmANOVA) revealed the main effect of Category [F(1, 26) = 99.64; MSE =
382.94; p < 0.001]. Slower RTs were obtained with natural graspable objects as compared with tools
(714±11.89 ms vs. 677±11.55 ms). Responses to natural stimuli were slower than those to tools both for
images [t(26) = 6.79, p < 0.0001] and nouns [t(26)=5.41, p < 0.0001]. Neither the main effect of Stimulus
Type [F(1, 26) = 1.57, p = 0.221] nor the interaction [F(1, 26) = 0.76, p =0.390] reached the statistical
signi�cance. Descriptive statistics are reported in Table 1.

 

Table 1. Descriptive statistic of behavioural study (Experiment 1).
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  Noun Image

  Mean
(ms)

Standard
deviation (ms)

Standard
error (ms)

Mean
(ms)

Standard
deviation (ms)

Standard
error (ms)

Natural 708 80.91 15.57 720 94.61 18.21

Tool 666 76.03 14.63 686 93.27 17.95

 

Experiment 2 - MEG study

Behavioural data

Behavioural data from 15 participants replicated the results of Experiment 1. All subjects performed well
with few errors (error rate: 4.2%). rmANOVA showed a main effect of Category [F(1,14) = 22.18,
MSE=27093.8, p<0.001]. RTs to natural stimuli were slower than those to tool stimuli both for images
(Natural: 573.3±11.61 ms; Tools:  536.3±13.2 ms, t(14) = 3.612, p=0.003) and nouns (Natural: 593.3±18.9
ms; Tools:  545.9±16.3 ms, t(14)=3.877, p=0.002). Neither the main effect of Stimulus Type nor the
interaction reached the statistical signi�cance.

MEG data

Time-frequency analysis on sensors.

The typical time-frequency pattern was observed in every subject and condition consisting in beta band
desynchronization over the contralateral motor area immediately after stimulus onset followed by focal
synchronization after movement execution. When comparing natural graspable objects and tools (both
for images and nouns), statistical analysis revealed a signi�cant difference in the interval between 0.5
and 1 s after stimulus onset in contralateral motor area. Speci�cally, a signi�cant greater
desynchronization was found for tools stimuli with respect to natural stimuli (Figure 1.A and 1.B). The
difference was greater and more protracted in the case of visual stimuli as compared to nouns (Figure
1.C and 1.D). No signi�cant differences were found in the remaining comparison (natural object images 
vs. nouns, tool images vs. nouns).

Source analysis

Cortical sources of beta power modulation by means of dynamic imaging of coherent sources (DICS) are
illustrated in Figure 2A. Beta power modulations were most pronounced in contralateral pericentral
regions, including pre-central, post-central and inferior parietal areas. Comparing the beta
desynchronization in the area under the curve (AUC) of selected region of interest (ROI), rmANOVA
showed a main effect of Category (contralateral precentral area: F(1,14) = 7.141, p=0.018; contralateral
precentral area: F(1,14) = 13.785, p=0.002; contralateral inferior parietal lobule: F(1,14) = 5.158, p=0.039.
On average tools stimuli showed greater desynchronization AUC than natural stimuli, reaching the
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signi�cance for the images in precentral [t(14)=-3.279, p=0.005] and postcentral [t(14)=-3.597, p=0.003]
areas (Figure 2B and 2C).

Discussion
The results of the present study are relevant for the current literature about the semantics of objects.  First
element of interest is the evidence that conveying meaning to an observed object or processing the verbal
label of an object (i.e., noun) similarly modulates the activity of the motor system as re�ected in motor
responses and in the modulation of the beta rhythm known to be generated in frontal and parietal areas,
as revealed by MEG. For natural objects participants gave slower motor responses as compared to tools
regardless the presentation modality. The same pattern of motor responses has been found in a previous
study 53, when comparing seen and verbally labelled graspable and non-graspable objects, with a slowing
down of RTs with graspable objects as compared to non-graspable ones, also in this case regardless of
presentation modality. This interference effect has been explained assuming that the same neural
resources (namely the same sectors of the motor system) were involved in giving motor responses and
judging the presented language material. Hence, participants paid a cost showing a slowing down of their
motor responses. In the present experiment, the interference effect was replicated in the MEG study, where
participants were requested to perform the same go/no-go task while assessing the cortical rhythms.
Motor responses to natural graspable objects con�rmed to be slower than those given to tools, thus
further supporting the notion that tools and natural graspable objects have a different representation
within the motor system. Coherently, beta rhythm, as revealed by MEG, had a weaker decrease during the
processing of natural graspable objects as compared to tools. A suppression of beta rhythm, normally
recorded in motor/premotor areas, occurs when these areas are involved in actual execution of an action
or, at a less degree, when individuals observe or imagine an action 62,69. In other words, our results show
that, during the processing of natural stimuli, the suppression of beta rhythm is weaker than during the
processing of tools, thus suggesting that the motor system is less prompt to give a motor response. This
weaker suppression appears the neurophysiological correlate of the interference effect obtained in the
behavioural task.

It is worth stressing that converging results also come from very few fMRI studies showing shared neural
substrates activation during the processing of nouns and visually presented objects 70–72, thus
supporting further the view of a common semantic system for both nouns and their corresponding
objects 73–75. Similar results were obtained during behavioural, neurophysiological and MEG studies
where participants were asked to process observed hand-actions and verbs expressing actions in the
same category, either taken separately or combined 61,64,76–81.

As far as observed natural objects, the present results are in keeping with the current literature 2,15,21,22,
showing that the dorsal stream is involved when participants observe natural graspable objects, as the
relevant features of these objects are the motor ones. However, the present results show that a similar
modulation of motor responses and beta rhythm occur also for verbal labels referring to the same object
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category, thus suggesting that the dorsal stream was similarly involved independent of presentation
modality. This evidence does not �t with current view claiming that the conceptual knowledge about an
object is represented in semantic hubs distinct from the brain areas where object properties are coded
13,15,21. These areas widely coincide with posterior inferior parietal lobule (including the angular gyrus,
IPL), middle temporal gyrus, fusiform and parahippocampal gyri, dorsomedial prefrontal cortex, inferior
frontal gyrus, ventromedial prefrontal cortex, and posterior cingulate gyrus 13,20.

The unexpected recruitment of the dorsal stream during the processing of natural graspable object nouns
in the present experiment could re�ect the spread of activity of top-down cognitive processes most likely
occurring in higher order areas involved in object identi�cation 9. We tend to rule out this explanation,
since processing of our stimuli is time locked at 150 ms from stimulus presentation, a time window
which rules out the occurrence of motor system recruitment as a side effect of upstream cognitive
processes 76,77,79,81–84.

A second point of interest is the evidence that observed graspable tools and nouns referring to this object
category do not modulate the activity of the motor system in the same manner as natural objects do. As
we stated in the introduction, tools are a special class of graspable objects that imply special hand-object
interactions. Manipulation of tools is mainly devoted to a speci�c use rather than to an “ecological”
grasping. By ecological grasping, in this context, we refer to grasping actions that we can act upon
natural objects and that are likely shared also with other species, even phylogenetically far from human
primates. For example, picking up a nut is an action shared with individuals of other species, and
possibly similarly represented in the brain.

Despite there is a general debate on the use of tools in monkeys 85,86 there is no doubt that only humans
possess specialized neural mechanisms allowing them to understand the functional properties of tools.
Moreover, only humans have the capacity to generalize the use of a tool in different contexts and to build
up new tools depending on their needs. A so �ne developed ability seems to have its neural basis in the
left IPL that appears as a speci�c sector only evolved in homo-sapiens, distinct from monkey grasping
regions 52,87. Within the dorsal stream, this area is referred to as ventro-dorsal sector 25,50,51,88. A further
consideration that supports the notion that the use of tools is exclusive for humans comes from clinical
neurology. Apraxia is a syndrome where patients may lose the capacity to use tools properly 89–91.
Apparently, there is no counterpart of apraxia syndrome in the monkeys 92. If one accepts the notion that
the semantic of objects is coded where the objects are represented, then processing tools should imply
the involvement of the corresponding brain sector in the ventro-dorsal circuit. The results of the present
study are in line with this view. Tools, whatever the modality of presentation, did not modulate the motor
responses as well as beta rhythm, like natural objects did. This evidence may be explained by the fact
that participants used a very simple motor act to provide the responses (pushing a button), an action
represented in the circuit devoted to interactions with natural objects rather than in the circuit devoted to
the use of tools. A similar distinction was revealed by using TMS 93 in a study where motor evoked
potentials (MEPs) were obtained during the observation of graspable and non-graspable natural objects
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and tools, respectively. Results showed that MEPs elicited by natural graspable objects had a less
amplitude than those elicited by graspable tools, again suggesting that a different circuit and a different
sector of premotor/motor cortex was involved in processing these two categories of objects.

One could argue that tools nouns did not affect motor responses and beta rhythms in the present
experiment because, as foreseen by current literature, nouns are processed in semantic hubs. However, if
one assumes that nouns are coded in speci�c semantic hubs, then the nouns of tools as well as the
nouns of natural objects should be coded in these semantic hubs and, consequently, should not
modulate the activity of motor areas. In other words, one should expect similar motor responses as well
as a similar modulation of beta rhythm when processing nouns referring both to natural graspable
objects and tools. The present data, showing that only nouns of natural graspable objects modulate the
activity of areas devoted to ecological grasping, further support the notion that the neural substrates of
semantics processing overlap with those where the most relevant features of an object are experienced.

If semantics is coded in the areas where objects are motorically represented or perceptually experienced,
then it remains to explain the role of the higher order areas that several authors consider as the actual
semantic hubs 13,21,94,95. Beyond language processing, these areas have been involved in different tasks.
Some of them also constitute the nodes of the so-called “default-mode” network, a set of functionally
interconnected regions that are consistently modulated during demanding cognitive tasks 96,97 or during
social cognition tasks 98–100. As for prefrontal cortex areas, they have been involved in working memory
tasks 101 as well as in the re-organization of simple and well-known motor acts in novel actions 102,103.
Finally, the inferior frontal gyrus (i.e., the Broca’s region) is known to be endowed with hand motor
representations and has a role in speech production as well as lip reading 104–106. We forward that the
recruitment of these areas during nouns processing and conceptualization, rather than related to
semantics, is better explained if we assume that they may contribute to contextualize the processed
words, to express how demanding is their processing and, most likely, how much they are related to our
life experiences and personal beliefs.

Methods
Behavioural study

Participants

Twenty-eight volunteers (18 females, age = 22.4±3.2 years) took part in the behavioural experiment. All
participants were 18 years or older prior to participating, they gave their informed consent, accordingly
with the ethical standards of the Declaration of Helsinki. Exclusion criteria were formal education in
linguistics, the presence of neurological or psychiatric disorders and the use of drugs affecting the central
nervous system. The study was approved by the Ethics Committee of the University “Magna Graecia” of
Catanzaro and complied with the ethical standards of the Italian Psychological Society (AIP, see
http://www.aipass.org/node/26) as well as the Italian Board of Psychologists (see
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http://www.psy.it/codice_deontologico.html). All participants were right-handed, according to the
Edinburgh Handedness Inventory 107, had normal or corrected-to-normal vision and were native Italian
speakers.

Apparatus, procedure and stimuli

The experiment was carried out in a sound-attenuated room, dimly illuminated by a halogen lamp
directed toward the ceiling. Participants sat comfortably in front of a PC screen (LG 22′′ LCD, 1920 × 1080
pixel resolution and 60 Hz refresh rate). The eye-to-screen distance was set at 60 cm.

The experiment used a go/no-go task, in which participants were requested to respond to real nouns and
images of objects and refrain from responding when presented stimuli were pseudowords and scrambled
images. The experiment session consisted of 1 practice block and 1 experimental block. In the practice
block, participants were presented with 16 stimuli (4 images of natural objects or tools, 4 scrambled
images, 4 nouns of natural objects or tools and 4 pseudowords) which were not used in the experimental
block. During the practice block, participants received feedback (“ERROR”) after giving a wrong response
(i.e., responding to a meaningless or refraining from responding to a real item), as well as for responses
given prior to go signal presentation (“ANTICIPATION”), or later than 1.5 s (“YOU HAVE NOT ANSWERED”).
In the experimental block each stimulus was randomly presented twice, for a total of 320 trials, with the
constraint that no more than three items of the same kind (verbal, visual) or referring to objects of the
same category (graspable natural object, tools, meaningless) could be presented on consecutive trials.
No feedback was given to participants. Thus, the experiment, which lasted about 20 min, consisted of
160 go trials (80 nouns, 50% natural graspable object nouns and 50% tools nouns, plus 80 images of
objects, 50% natural graspable objects and 50% tools) and 160 no-go trials (80 pseudowords plus 80
scrambled images), and 16 practice trials, for a total of 336 trials. To sum up, the experiment used a 2 × 2
repeated measures factorial design with Category (natural graspable objects, graspable tools) and
Stimulus Type (nouns, photos) as within-subjects variables.

Nouns in the 2 categories were matched for word length (mean values for nouns referring to natural
objects and tools: 6.4 and 7.4; t = 0.049, p = 0.96), syllable number (mean values: 2.45 and 3.00; t = 0.018,
p = 0.98) and written lexical frequency [mean values: 6.14 and 8.77 number of occurrences per million in
CoLFIS (Corpus e Lessico di Frequenza dell’Italiano Scritto ∼3.798.000 words)— Laudanna et al., 1995; t
= 0.52 , p = 0.60]. Pseudowords were built by substituting one consonant and one vowel in two distinct
syllables of each noun (e.g., “sgalpillo” instead of “scalpello”). With this procedure, pseudowords
contained orthographically and phonologically legal syllables for the Italian language. Hence, nouns and
pseudowords were also matched for length.

Images depicted 20 natural graspable objects and 20 tools. They were photos of real objects and not
sketches. The scrambled images were built by applying Photoshop distorting graphic �lters (e.g., blur and
twist) to the photos depicting both natural graspable objects and graspable tools so to make them
unrecognizable and then meaningless. All photos and scrambled images were 440 × 440 pixels.
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Each trial started with a black �xation cross (RGB coordinates = 0, 0, 0) displayed at the center of a grey
background (RGB coordinates = 178, 178, 178). After a delay of 1000–1500 ms (in order to avoid
response habituation), the �xation cross was replaced by a stimulus item, either a noun/pseudoword or
an image/scrambled image. Note that the delay could be at any time between 1000 and 1500 ms. The
verbal labels were written in black lowercase Courier New bold (font size = 24). Stimuli were centrally
displayed and surrounded by a red (RGB coordinates = 255, 0, 0) 20 pixels-wide frame. The red frame
changed to green (RGB coordinates = 0, 255, 0) 150 ms after the stimulus onset. The color change of the
frame was the “go” signal for the response (Fig.3). Participants were instructed to give a motor response,
as fast and accurate as possible, by pressing a key on a computer keyboard centred on participants’ body
midline with their right index �nger. They had to respond when the stimulus referred to a real object, and
refrain from responding when it was meaningless. After the go signal, stimuli remained visible for 1350
ms or until participant’s responses. Stimulus presentation and response times (RTs) collection were
controlled using the software package E-Prime 2.

Data analysis

Data analyses were performed using R 3.6.3 108. Practice trials were excluded from analysis. Participants'
RTs to real stimuli were analysed. The RTs were measured from the “go” signal to the button pressing.
Mean RTs of each participants were submitted to an rmANOVA, with Category (2 levels: natural graspable
object and tool) and Stimulus type (2 levels: noun and image) as factors, with the Greenhouse-Geisser
correction being applied in the case of a violation of sphericity assumptions.

MEG study

Participants

Fifteen volunteers (9 females, age 26.5±2.0 years) were recruited for the experiment. All participants were
18 years or older prior to participating. All participants were right-handed, according to the Edinburgh
Handedness Inventory 107, had normal or corrected-to-normal vision and were native Italian speakers.
Exclusion criteria were formal education in linguistics, the presence of neurological or psychiatric
disorders and the use of drugs affecting the central nervous system. The experiment was carried out in
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments. The study was approved by the Ethics Committee of Fondazione IRCCS Istituto
Neurologico Carlo Besta of Milan and the University “Magna Graecia” of Catanzaro and complied with the
ethical standards of the Italian Psychological Society (AIP, see http://www.aipass.org/node/26) as well
as the Italian Board of Psychologists (see http://www.psy.it/codice_deontologico.html).  Participants
gave their written informed consent before being included in the study.

Task

Stimuli and procedure were the same of the behavioural study, with the necessary adaptation required by
the MEG setting used in the current study. Sixteen practice trials were used to train participants. To

http://www.psy.it/codice_deontologico.html
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improve signal-to-noise ratio, the experiment consisted of two consecutive acquisitions in which 80 go
trials (40 nouns, 50% natural object nouns and 50% tools nouns, plus 40 images of object, 50% natural
objects and 50% tools) and 80 no-go trials (40 pseudowords plus 40 scrambled images) were presented,
for a total of 320 experimental trials. In the two acquisitions, the presentation order of the stimuli was
randomized. Hence, the MEG study used the same 2 × 2 repeated measures factorial design as the
behavioural one. Stimulus presentation and RTs collection were controlled using the software package
Stim2.

MEG data acquisition and pre-processing

The MEG signals were acquired using a 306-channel whole head MEG system (Triux, Elekta Oy, Helsinki,
Finland).  Surface EMG signals were simultaneously recorded from pairs of electrodes placed bilaterally
2–3 cm apart over the belly of the right and left �exor and extensor of wrist. Signals were sampled at 1
kHz. Also bipolar electro-oculographic and electrocardiographic signals were acquired.

The participant’s head position inside the MEG helmet was continuously monitored by �ve head position
identi�cation (HPI) coils located on the scalp. The locations of these coils, together with three anatomical
landmarks (nasion, right and left preauriculars), and additional scalp points were digitized before the
recording by means of a 3D digitizer (FASTRAK, Polhemus, Colchester, VT).

The raw MEG data were pre-processed off-line using the spatio-temporal signal-space separation
method109 implemented in the Max�lter 2.2 (Elekta Neuromag Oy, Helsinki, Finland) in order to subtract
external interference and correct for head movements and then band-pass �ltered at 0.1–100 Hz.
 Cardiac and ocular movement artifacts were removed using ICA algorithm based on EEGLAB toolbox 110

implemented in a custom-made MATLAB code (R2017b, Mathworks Inc., Natick MA, USA). MEG data
were divided into epochs ranging from 2.2 s before to 2.8 s after the stimulus onset. Epochs with
muscular artifacts and/or sensor jumps were excluded from further analysis. Finally, data epochs were
grouped according to the four conditions (natural and tools images, natural and tools words).

Sensors analysis

Time–frequency representations (TFR) for frequencies between 15 and 30 Hz with steps of 1 Hz were
computed using a Fourier transformation. Desynchronization values were obtained as percent power
change in beta band (15-30 Hz) calculated with respect to mean power in the -3 to -2 s before cue onset.
Finally, for each participant, the most reactive β-band frequency (individual reactive frequency, IRF) was
de�ned as the frequency at which the maximum desynchronization was found.

Source analysis

Dynamic imaging of coherent sources (DICS) beamforming 111 was used to identify the spatial
distribution in the frequency domain. The lead�eld matrix was computed using realistically shaped
single-shell volume conduction model based on template brain co-registered by means of digitized scalp
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points. Source model was obtained from a 5 mm resolution grid which covered whole brain volume.
Source localizations was performed for the band IRF±1 Hz for a pre-stimulus baseline period (−1.2 to
−0.5 s) and for a window of interest during stimulus presentation (0.5 to 1.2 s) using a common spatial
�lter based on the pooled data from both time intervals. Subject-speci�c relative power differences were
grand-averaged and visualized on the cortical surface of the MNI brain. To obtain a time course for each
trial and voxel, we used the linearly constraint minimum variance (LCMV) beamforming 112 calculating
the covariance matrix of the sensor-level MEG data with 5% regularization.

Automated Anatomical Labelling atlas was used to extract the source time-series on inferior parietal
lobule and precentral and postcentral areas. Subsequently, as for the sensors data, we calculated the
desynchronization in IRF±1 Hz band and averaged within regions. Finally, we calculated AUC in the 0.5 to
1.5 s period.

Both sensor and source data analysis were analysed using custom Matlab (MATLAB 2017a, MathWorks,
Inc., Natick, MA, USA)  scripts based on SPM8 and Fieldtrip toolboxes 113,114.

Statistical analysis

The RTs and source time-series AUC were compared using rmANOVA with the factor Category (tools,
natural) and Stimulus type (images, nouns) with the Greenhouse-Geisser correction being applied in the
case of a violation of sphericity assumptions.

To compare TFR between different conditions in contralateral motor areas, and to identify signi�cant
beta frequencies and time points, the non-parametric permutation test in combination with cluster-level
statistics and multiple comparison correction implemented in Fieldtrip toolbox was applied. Post-hoc
paired two-tailed t tests were used to calculate the within-group difference between stimuli. All data are
expressed as mean ± standard errors of mean. Statistical analyses were carried out using IBM SPSS,
version 20 (SPSS Inc., Chicago, IL, U.S.A.).
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Figure 1

A. Time-frequency representations (TFR) for the different stimuli. Box indicates the contralateral motor
area. B. Magni�cation of TFR in contralateral motor area. Note the beta pattern of desynchronization
(reduction of power) and synchronization (increase of power) more evident in the case of tools stimuli C.
Map of signi�cant difference in beta band averaged over the time interval between 0.6 and 0.9 s for
images and between 0.7 and 0.9 s for nouns, for each pair of stimulus type comparison (left: natural vs.
tools images; right: natural vs. tools nouns). Asterisks indicate p<0.01, plus indicate p<0.05. D. Time
course of beta band power modi�cation for each stimulus type. Shadowed area indicates the time range
where the difference was signi�cant (p<0.05).
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Figure 2

A: Source estimation projected onto the MNI template brain of grand-averaged power modulation
obtained by contrasting −1.5 to −0.5 s vs. 0.5 to 1.5 s with respect to the cue onset in 15–25 Hz band for
each condition. For illustrative purpose, only values greater than 80% of the maximum are shown. B,C:
Beta AUC values calculated in 0.5 to 1.5 s with respect to the cue onset for natural and tools images (B)
and nouns (C) condition. Note that the natural stimuli values are smaller than tools stimuli in both
images and nouns condition in all areas, con�rming the main effect of Category. Asterisk indicates
signi�cant difference in t-tests.
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Figure 3

Experimental procedure. A. Task timing: Participants were asked to �xate the centre of the screen placed
in front of them. Each trial started with the presentation of the stimulus surrounded by a red frame. After
150ms the frame turned green and the participants were allowed to respond. Participants were instructed
to respond only if the stimulus referred to a real tool or to a real natural graspable object. The trial ended
when participants provided their responses or after 1350 ms if no response was given. B. Stimuli
examples: images (1), scrambled images (2), nouns (3) and pseudowords (4).
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