N
N

N

HAL

open science

Activity in Occipito-Temporal Cortex Is Involved in
Tool-Use Planning and Contributes to Tool-Related
Semantic Neural Representations

Simon Thibault, Eric Koun, Romeo Salemme, Alice Roy, Véronique

Boulenger, Claudio Brozzoli

» To cite this version:

Simon Thibault, Eric Koun, Romeo Salemme, Alice Roy, Véronique Boulenger, et al..

tivity in Occipito-Temporal Cortex Is Involved in Tool-Use Planning and Contributes to Tool-
Neurobiology of Language, 2024, 5 (4), pp.1008-1024.

Related Semantic Neural Representations.
10.1162/nol_a_ 00159 . halshs-04827517

HAL 1d: halshs-04827517
https://shs.hal.science/halshs-04827517v1
Submitted on 13 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://shs.hal.science/halshs-04827517v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Neurobiology
of Language

an open access E journal

’.} Check for updates

Citation: Thibault, S., Koun, E.,
Salemme, R., Roy, A. C., Boulenger, V.,
& Brozzoli, C. (2024). Activity in
occipito-temporal cortex is involved in
tool-use planning and contributes to
tool-related semantic neural
representations. Neurobiology of
Language, 5(4), 1008-1024. https:/doi
.org/10.1162/nol_a_00159

DOI:
https://doi.org/10.1162/nol_a_00159

Supporting Information:
https://doi.org/10.1162/nol_a_00159

Received: 20 March 2024
Accepted: 18 September 2024

Competing Interests: The authors have
declared that no competing interests
exist.

Corresponding Authors:
Simon Thibault
Simon.thibault@jefferson.edu
Claudio Brozzoli
claudio.brozzoli@inserm.fr

Handling Editor:
Steven Small

Copyright: © 2024

Massachusetts Institute of Technology
Published under a Creative Commons
Attribution 4.0 International

(CC BY 4.0) license

II" | The MIT Press

RESEARCH ARTICLE
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ABSTRACT

Tool use and language are highly refined human abilities which may show neural
commonalities due to their potential reciprocal interaction during evolution. Recent work
provided evidence for shared neural resources between tool use and syntax. However,
whether activity within the tool-use network also contributes to semantic neural
representations of tool nouns remains untested. To this aim, we identified the tool-use planning
network with functional magnetic resonance imaging while participants used pliers. The very
same participants underwent a semantic priming task including two categories, tool nouns
and animal nouns, to highlight the respective underlying networks. With multivariate analyses of
the activation neural patterns, we tested whether activity in tool-use brain clusters takes part in
the neural representation of tool nouns as compared with animal nouns. The results revealed
that word semantic categories were decoded within the left occipito-temporal cortex activated
by preparing to use a tool, with similar patterns of brain activity for words within the same
category. In addition, in the same area, neural activations for tool nouns were found to be higher
than those for animal nouns. These findings suggest that activity in tool-use related brain areas
encodes semantic information separately for tool nouns and animal nouns, thus supporting the
embodiment of tool-noun processing in the tool-use sensorimotor network.

INTRODUCTION

Tool use and language are advanced human abilities which might have co-evolved and influ-
enced one another during evolution (Ponce de Leon et al., 20271). This potential co-evolution
predicts that tool use and linguistic processes may rely on common neural and cognitive
resources (Stout & Chaminade, 2012). Recently, it has been evidenced that tool use and syntax
share cognitive processes and neural substrates within the basal ganglia (BG; Thibault et al.
2021). The fundamental question therefore is whether tool use also shares other crucial com-
ponents with language. Tool use relies on a left fronto-parietal network, encompassing the
inferior frontal gyrus (IFG) and inferior parietal lobule (IPL; Brandi et al., 2014; Peeters
et al., 2009), as well as subcortical structures like the BG (Choi et al., 2001; Hermsdorfer
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). The left fronto-parietal stream supports planning and execution of tool-use
movements ( ), while the BG may handle the sequential and hierarchical
aspects of tool use ( ; ). Furthermore, activity in the
occipito-temporal cortex (OTC) contributes to the visual recognition of tools (

; ), as well as to the observation ( ) and actual exe-
cution of tool-use actions ( ).

Remarkably, the line of research investigating the neural bases of language has shown that
the aforementioned brain areas are also critical for processing the semantic content of action-
related words. Verbs or sentences depicting actions, tool nouns, or object nouns recruit the left
IFG( ; ; ; ;

) as well as the left IPL ( ; ;
). Moreover, reading object nouns or viewing and naming their pictures were shown to
involve the left OTC ( ; ; ;
). Encoding of tool-related semantic representations could therefore rely on
the sensorimotor network involved by refined sensorimotor skills such as tool use.

Is the recruitment of similar brain areas for tool use and semantic processing of tool nouns
more than anecdotal, therefore reflecting shared neurocognitive resources? In the framework
of the embodied cognition theory ( ; , ; ;

’ ; ’ ’

), previous research has pointed to a role of sensorimotor areas in

semantic representations ( ; ; ;

). In its strong version, this theory predicts that there is no central mod-

ule for cognition, and that high-level cognitive functions such as language are in part

grounded in sensorimotor processes ( ). For instance, semantic content

evoking manual actions (e.g., to grasp, to throw) has been found to elicit brain activity in areas

responsible for hand sensorimotor control ( ; ;

; ; ). However, most of this work

often did not concomitantly assess the brain network underlying the actual execution of

actions. When it comes to nouns referring to manipulable objects, some evidence also sug-

gests an involvement of the sensorimotor network extending beyond primary sensorimotor
areas and including the IFG, IPL, and OTC that are also activated by tool use (

; ; ; ; ).

However, so far, a co-localization of sensorimotor and linguistic computations has mostly

been assumed from motor and linguistic neuroimaging data acquired in distinct samples of

participants (see , for a meta-analysis evaluating tool-related cognition).
Furthermore, these studies tested the network recruited by the observation of tool pictures
( ; ; ) or of tool-use actions (

; ) rather than by the real execution of these actions,
which may entail at least partly different networks (see ). Therefore,
at best, such previous work allows for a conclusion that reading tool nouns recruit the same
network as observing pictures of tools ( ). In line with this interpretation, a

recent meta-analysis revealed that action language (e.g., action verbs) shows a closer cor-
respondence to action observation than to action production (i.e., execution or imitation;

). Whether this relation is held with specific action-related lan-
guage such as tool nouns and specific actions such as actual tool use remains unclear. Thus
far, most studies that investigated the contribution of the sensorimotor circuits to language,
action verbs specifically (e.g., ), focused on the primary sensorimotor
areas ( ; , ; ;
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). However, tool use is known to extend this network by also recruiting
the IPL, IFG, and OTC ( ; ; ), suggesting
that these regions may also participate in tool noun processing. As a matter of fact, imaging
studies on the functional relationship between the processing of tool nouns and real tool use
are crucially lacking. The present study aimed to fill this gap by testing whether tool nouns are
represented within the network subserving the actual use of tools. To do so, we employed a
lexical decision task and compared the neural activities elicited by tool nouns and animal
nouns. This latter category was selected given the clear contrast it offers with tool nouns, as
it refers to animated entities and it does not evoke any specific manipulation or functional use
as tools do. The crucial hypothesis that co-localization reflects shared processes between tool
use and semantic processing of tool nouns indeed remains untested. To this aim, one would
rather test in the same sample of participants, whether the activity in tool-use related areas
contributes to semantic processing of tool-related contents compared to animal-related con-
tents. To tackle this issue, we assessed both functions (i.e., semantic processing of tool nouns
and tool use) in the exact same group of participants. Through multivariate neural pattern anal-
yses, we tested the hypothesis that activity in specific nodes of the tool-use network (i.e.,
ensemble of brain regions involved in tool use, including planning and/or execution, as
opposed to non-use behavior associated with tools, like observation of tool pictures), allows
to decode the word semantic categories, with more similar neural representations for words
within the same semantic category. This would be proof that semantic categories (here, tool
nouns vs. animal nouns) can be distinguished based on their neural responses within the tool-
use-related areas, and that these areas contribute to semantic processing and more specifically
to neural representations of tool nouns.

MATERIALS AND METHODS

Participants

FMRI acquisition included 24 (11 females and 13 males) right-handed, French native partic-
ipants. All had normal or corrected-to-normal vision, and they reported no history of neuro-
logical, auditory, language, or sensorimotor deficits. Four participants were excluded; two did
not fulfill the familiarization performance requirements before any neuroimaging acquisition,
one dropped out after the inclusion phase, and one was removed from analyses due to sub-
stantial head movements (several runs with movements above 1.5 mm). Hence, we analyzed
the data of 20 participants with the following sociodemographic characteristics and manual
preference: 10 females and 10 males; mean age + SD: 24 + 4 yr old; higher education level:
3 £ 2 yr; mean score on the Edinburgh handedness inventory ( ):0.93 = 0.09.
The protocol conformed to the Helsinki declaration and was approved by a national ethical
committee (46/17, OUEST IV). All participants gave their written consent prior to the study
and received compensation of 110 euros.

Tasks
Tool-use task

The participants were asked to use a pair of 30-cm-long pliers with their right hand in order to
move a peg on a plastic board (Quercetti, Torino, Italy) between a starting point and an end
point, materialized by visual landmarks and separated by 9 cm ( ). The participants
were lying in a resting position and were instructed to wait for a pure tone signal delivered
through a magnetic resonance imaging (MRI) compatible device (Optoacoustics OptoACTIVE-
two-way noise cancellation communication system, Mazor, Israel). A single pure tone
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Figure 1. Brain networks for tool use and semantics. (A) Set-up and timing of the events for the motor task in the scanner. (B) Brain activations
for tool-use compared to free-hand planning derived from the contrast [Tool planning — Hand planning] — [Tool execution — Hand execution],
uncorrected maps at p < 0.001 (see —S2 for clusters passing the family-wise error (FWE) correction at the cluster level). (C) Set-up and
timing of the events for the semantic priming task in the scanner. (D) Semantic priming effect. Irrespective of word category, responses were
faster for semantically primed than for unprimed targets (main effect of Priming [y, = 25.78, p < 0.0011). Tool nouns were processed more
slowly than animal nouns (main effect of Semantic category [y*q) = 14.35, p < 0.001]). The response accuracy only revealed a trend for the
effect of Semantic category: Participants tended to be less accurate for tool nouns than for animal nouns (Tool nouns = 96.3 + 0.9 % vs. Animal
nouns = 99.1 + 0.4 %, [y*n) = 3.79, p=0.051]). (E) Brain activations for semantic priming derived from the contrast Unprimed nouns — Primed
nouns for the top panel and Tool nouns — Animal nouns for the bottom panel, uncorrected maps at p < 0.001 (see -S2 for clusters
passing the FWE correction at the cluster level).

required the participant to prepare the movement, while a double tone 4 s later indicated the
Go for the action. In order to perform the requested movements, the described sequence was
repeated twice: grasping the peg to displace it from the start to the end point, and then grasp-
ing it again to move it back to its initial position. The whole sequence (4 s planning — 4 s
execution — 4 s planning — 4 s execution — 10 s rest) was repeated 15 times in a single run.
The participants had to press a button with their left index finger if a peg fell (i.e., to indicate
the missed sequence) and then grab a new peg from the left side of the plastic board. The few
missed trials (lower than 0.5%) were modeled separately. As a control, in a distinct run, the
same task was performed with the free hand. This allowed us to define the contrast aimed at
identifying the tool-specific neural network. The motor task device was placed at a reachable
distance in front of the participants and made visible with a double mirror mounted onto the
head coil. To minimize elbow and shoulder movements, the participants’ right upper arm was
strapped to the trunk. The scripts controlling the audio sequence of instructions in the scanner
were delivered with Presentation software ( ).

Semantic priming task

A semantic priming paradigm with a lexical decision task allowed to assess semantic process-
ing. In such a paradigm, prime-target word pairs that are semantically related or not are pre-
sented and participants have to make a lexical decision on the target. Stimuli used as primes

Neurobiology of Language 1011
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and targets were French words belonging to two distinct semantic categories: animal nouns
and tool nouns. Pseudowords were created by changing two letters from tool and animal
nouns while following the French phonotactic rules (i.e., words remained pronounceable
and orthographically legal). Pseudowords were only presented as targets, never as primes.
The choice of a semantic priming task aimed to specifically highlight the neural correlates
underlying word semantic processing. Behaviorally, semantic priming occurs as a facilitation
of the response to targets when they are semantically related to primes ( ;

). At the neural level, this is characterized by a repetition suppression
effect, namely reduced brain activation when two semantically related words are presented

(i.e., primed condition; ; ). By contrast, when the prime
and target within a pair are unrelated (i.e., unprimed condition), the neural signal increases upon
target presentation ( ; ). Hence, the comparison of the neural

activity evoked in the unprimed and primed conditions informs about the brain areas reliably
activated by target words and their underlying semantic category ( ;
).

For our task, the selection of word stimuli was based on an anonymized online survey. A
total of 574 French native participants (mean age + SD = 23.92 + 4.39) judged the image-
ability and manipulability of a subset of a larger sample of 374 object nouns, on a seven-point
Likert scale. They could also report whether a word was unknown to them. An additional 246
participants (mean age = SD = 26.59 + 6.01) judged the imageability of a subset of 220 ani-
mal nouns. Because the participants received only a subset of words (i.e., 52 for object nouns
and 74 for animal nouns) and not the full list, each word was quoted 82 times (i.e., by 82
participants). Overall, 147 object nouns with manipulability and imageability scores equal
or above five (out of seven) were selected as tool nouns. Furthermore, 172 animal nouns with
an imageability score equal or above five were retained. Words from the two semantic cate-
gories were selected to obtain two sets of 70 tool nouns and 70 animal nouns matched for
psycholinguistic variables (written and oral frequencies, numbers of syllables, letters and
orthographic neighbors) as verified with the Lexique 3.80 database ( ; see

in the , available at ).
The two sets of animal and tool nouns were then each divided into five lists of 14 words each.
The resulting 10 lists (5 for animal nouns and 5 for tool nouns) were matched for the same
aforementioned psycholinguistic variables ( ). Each list was uniquely assigned to a
function in the priming paradigm (either prime or target) so as to create five experimental
target conditions: Tool Primed, Tool Unprimed, Animal Primed, Animal Unprimed, and
Pseudowords.

For words, primes and targets were associated by pairs in four conditions: a prime could be
followed by a target either from the same semantic category (i.e., Tool Primed and Animal
Primed) or from a different category (i.e., Tool Unprimed and Animal Unprimed). In case of
primed conditions, the words within the pair were always different. In a fifth condition, the
target was a Pseudoword, following either an Animal or a Tool prime. The prime-target pairs
were the same for all participants.

During the experiment, following a fixation dot displayed for 500 ms, a prime word was
visually presented in uppercase for 300 ms and immediately followed by a target word in low-
ercase for 500 ms ( ). Participants were instructed to indicate as quickly and correctly
as possible whether the target was a word or a pseudoword by pressing one of two buttons
with their left index or middle finger. They had a maximum of 2 s after target onset to respond.
The button-response association was counterbalanced across participants. The intertrial period
was jittered between 5 and 7 s.
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Overall, participants underwent 84 trials across the five experimental conditions: 14 prime—
target pairs were presented for each of the four-word conditions and 28 prime-target pairs for

pseudowords ( ). The stimuli were visible through the mirror, and the task script
was programmed onto Psychtoolbox (Version 3; ) running on MATLAB
( ).

Procedure

The experiment consisted of an inclusion session to familiarize participants with the tasks as
well as to ensure that the individual level of performance met the inclusion criteria. Short ver-
sions of the semantic and motor tasks were proposed. The requirements to perform the func-
tional MRI (fMRI) session were at least six correct responses in the lexical decision task (over 9
trials including 6 words and 3 pseudowords). This procedure aimed to maximize the chances
of collecting a sufficient number of correct and analyzable trials during the neuroimaging
acquisition. The motor task for inclusion consisted of performing two blocks with the tool
and two blocks with the free hand. In each block, the participants performed the task on
the Grooved Pegboard test and were instructed to insert 10 pegs as quickly as possible on
the two first rows. To be included in the experiment, they were required to insert the 10 pegs
in less than 5 min on average for the two tool-use blocks and in less than 1T min on average for
the two free-hand blocks. The participants took part in two different fMRI sessions sepa-
rated by two days. For each session, the participants performed an anatomical acquisition
(TT-weighted), followed by motor (tool-use and free-hand) and linguistic runs in a counter-
balanced order. The semantic task was conducted in a session that also included a pho-
nological task, while two additional tasks were proposed in another session: one assessing
syntactic processing and the other, as a control, assessed working memory. The session
order was counterbalanced between participants. For the sake of clarity this manuscript
reports only on the results of the semantic task.

Functional and anatomical MRIs were acquired with a Siemens Prisma 3T scanner (Siemens
Medical Systems, Erlangen, Germany) with a gradient echo EPI sequence, with TE = 30 ms and
TR = 2,400 ms. Volumes were acquired with 44 interleaved slices of 3.3 mm thickness (3 x 3 x
3.3 mm voxel size) aligned to the AC-PC plane. Overall, 171 volumes were acquired for each
motor block and 303 for the semantic task. T1-weighted images were acquired with a 1-mm
isotropic voxel and a generalized autocalibrating partial parallel acquisition (GRAPPA) accel-
eration factor of 2 (TE = 3.8 ms, TR = 3,000 ms).

Analyses and Statistics
Behavioral analyses

For the semantic task, response times (RTs; i.e., time interval from the display of the target word
to the participant’s response) and response accuracy were measured to index semantic perfor-
mance. Statistics on these data were run in RStudio with the afex package (

). A linear mixed model (LMM; ) was used on RTs and included
Semantic Category (Tool nouns vs. Animal nouns) and Priming (Unprimed vs. Primed) as
fixed-effect within-subject factors. In theory, models including all the random effects (sup-
ported by the design) would lead to the most informative solution. However, this may result
in convergence issues while a negligible amount of information is added to the model, or in
overfitting ( ). To address this issue, random effects were added sequentially
and their effects on the model fit were assessed with likelihood ratio tests (LRT). Residuals
of each model were tested and the one with the significantly lower deviance assessed by a
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chi-squared (y?) test was chosen (see , for a similar procedure). Concretely,
we started with only Subjects as random intercept and added Semantic Category and then
Priming as random slopes (and their interaction). This was tested sequentially, meaning that
each random effect was kept in the model as long as the LRT supported its contribution with
respect to the previous model using a simpler random-effects matrix. For our LMM on RTs, the
random slopes for Semantic Category and Priming were included (but not their interaction as
the LRT was not significantly different) and, with Subjects as random intercept. A generalized
linear mixed model (GLMM) testing a binomial distribution was performed on response accu-
racy. Both Semantic Category and Priming were used as fixed-effect within-subject factors. Using
the same sequential strategy described above, only Semantic Category was considered as ran-
dom slope (adding Priming as random slope did not significantly change the LRT) and Subjects
as random intercept. The significance of the fixed effects was tested with an LRT, which follows a
x* distribution, meaning z? is the statistical parameter reported and used for estimating each
factor significance (p < 0.05). All the results are reported as the mean = SEM.

fMRI preprocessing

For preprocessing of the fMRI data, we used fMRIPrep (Version 20.2.0; ), a
pipeline aiming to conduct robust and reproducible preprocessing of fMRI data (

). The tMRIPrep pipeline generates a file describing the preprocessing procedure
applied (available in the ). In short, head motion parameters were esti-
mated, then the images were corrected for magnetic field inhomogeneity from the fieldmap
images. Following these steps, the images were slice-timing corrected and co-registered to the
T1w image, first in native space and then in the MNI space. In contrast to other software, fMRI-
Prep does not apply any spatial smoothing of the data.

fMRI univariate analyses

The Statistical Parametric Map 12 (SPM12; ) was used for the univariate
analyses. Data were smoothed with a Gaussian kernel of 8 x 8 x 8 mm. At the first level, each
participant’s hemodynamic responses were modeled by the convolution of the canonical
hemodynamic response with a box-car function. Each motor block was designed with plan-
ning, execution, and rest, as well as missed trials and head movements. Both directions of the
movements (back and forth) were taken into consideration together. For the semantic priming
task, we modeled the prime-target association (i.e., 0.8 s from the prime onset) separately for
Tool Primed, Tool Unprimed, Animal Primed, Animal Unprimed, and Pseudowords. The head
movements, incorrect trials as well as the remaining time allotted to give the response (i.e., 1.5 s)
were modeled in separate regressors.

At the second level, we conducted within-subjects analyses of variance (ANOVAs) to iden-
tify the general network underlying the motor task. To do so, we entered the parameter esti-
mates (i.e., beta) against baseline obtained for each condition of interest and each subject. We
computed the interaction contrast highlighting the specific tool-use planning neural network
with respect to free-hand planning and the overall tool-use execution network. This contrast
allowed us to identify the voxels specifically activated for tool-use planning above and over
the three other motor conditions (tool-use execution, free-hand execution, and free-hand plan-
ning; see , for a similar approach):

Tool-use planning network = [(Tool-usepjanning — Free-handpianning)

- (TOO]‘Useexecution - Free'handexecution)]~
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We employed the exact same approach to test for the specific tool-use execution network
with the following contrast:

Tool-use execution network = [(Tool-us€execution — Free-handexecution)

— (Tool-usepjanning — Free-handpianning)]-

For the semantic task, we conducted within-subjects ANOVAs to identify the general
semantic neural network. As for the motor task, we entered the parameter estimates against
baseline obtained for each condition of interest and each subject. To identify the main effect of
semantic priming, given that pairs in the primed conditions may induce a repetition suppres-
sion effect ( ; ), we considered the voxels more acti-
vated for unprimed in comparison to primed nouns:

Semantic priming network = [Unprimed nouns — Primed nouns]

Then we studied the main effect of semantic category by considering separately tool nouns
and animal nouns, to evidence the network supporting each category irrespective of the prim-
ing manipulation:

Semantic tool category network = [Tool nouns — Animal nouns]
and

Semantic animal category network = [Animal nouns — Tool nouns]

For the sake of consistency with the general literature on semantics, we also investigated
the repetition enhancement and the lexical decision networks:

Semantic repetition enhancement network = [Primed nouns — Unprimed nouns]
and

Lexical decision network = [Words — Pseudowords]

To guarantee the reliability of the results, for each analysis, we reported each cluster at the
whole brain level, containing more than 10 contiguous voxels, with a p value below the 0.001
threshold uncorrected for multiple comparisons. Furthermore, the motor contrast was submit-
ted to an exclusive mask defined at 0.05 uncorrected for multiple comparisons, with the aim of
ruling out the contribution of the interaction’s second component (i.e., for Tool-use planning
network, the contribution Free-hand execution > Tool-use execution was masked). Clusters
passing the family-wise error (FWE) correction for multiple comparisons at the cluster level
are highlighted in and

fMRI multivariate neural pattern analyses

We selected regions of interest (ROIls) from the tool-use planning neural activity (see ).
Note that as the tool-use execution neural activity was confined to visual areas (i.e., outside
the semantic network), no crucial ROl was identified and used for subsequent analyses. For ROls
selected from tool-use planning, we saved a mask of all the significant voxels (p < 0.001 uncor-
rected) for clusters of interest. These masks were derived from the group (i.e., second level) brain
map and subsequently applied to each participant. Overall, we retained three ROlIs of the tool-
use planning network also known for their involvement in semantics. The three tool-use clusters
were the left IPL (size = 150 voxels), left OTC (size = 76 voxels), and left IFG (size = 28 voxels).
The ROIs localization was controlled with the Automated Anatomical Labelling (AAL) Atlas
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( ). The IPL mostly encompassed voxels in the inferior portion of the
postcentral gyrus (71%) and the anterior part of the supramaginal gyrus (29%). The OTC
mostly encompassed voxels within the inferior occipital gyrus (50%) and the posterior portions
of the inferior (26%) and middle (17%) temporal gyri, the remaining 7% encompassing sur-
rounding areas. Finally, the IFG included voxels of the precentral gyrus (20%) and the pars
opercularis of the IFG (80%). Despite the IFG mask being small and the cluster not reaching
significance after correction for multiple comparisons (see ), we included this mask in
our analyses given our a priori hypothesis on the contribution of this area to both tool use and
semantic processing (see ). Using a more lenient cluster-forming threshold of p =
0.005, this IFG cluster was much larger (size = 924 voxels) and covered a very large range of
frontal lobe regions. Using such a large cluster is, however, unlikely to be informative for our
purpose since the semantic signal may substantially differ within the entire ROI. Given the
lesser statistical robustness of the IFG cluster, the analysis performed in this region will be con-
sidered exploratory. For the semantic task, first-level analyses were run on non-smoothed data
and included the same regressors as for the univariate analyses. We used the CoSMoMVPA
toolbox ( ) to extract, for each participant, the t value at each voxel within
a given ROL. For the multivariate analyses, we calculated the similarity of the neural patterns
using the cosine similarity across a set of conditions. We considered four conditions of interest
(i.e., Tool Primed, Tool Unprimed, Animal Primed, Animal Unprimed). Overall, we calculated
for each subject the cosine similarity for each of the six pairs of conditions: Tool Primed/Tool
Unprimed; Animal Primed/Animal Unprimed; Tool Primed/Animal Primed; Animal
Unprimed/Tool Unprimed; Tool Primed/Animal Unprimed; Animal Primed/Tool Unprimed.
To test whether the tool-use network decodes tool nouns from animal nouns, we reasoned that
target words from the same semantic category (i.e., Tool or Animal nouns) would elicit more
similar neural patterns (i.e., within-category similarity) than target words from different seman-
tic categories (across-category similarity). Hence, we tested whether the neural pattern simi-
larities of Tool Primed/Tool Unprimed and Animal Primed/Animal Unprimed would be greater
than the similarities of all the other pairs of conditions, where the target words belong to dif-
ferent semantic categories. For each subject and within each ROI, we calculated the following
contrast where the similarity for each pair was measured with the cosine similarity:

(1) [(Tool Primed/Tool Unprimed) + (Animal Primed/Animal Unprimed)]/2 — [(Tool
Primed/Animal Primed) + (Animal Unprimed/Tool Unprimed) + (Tool
Primed/Animal Unprimed) + (Animal Primed/Tool Unprimed)]/4

In addition, we also tested two further contrasts assuming differences between categories
within an ROI, namely whether one semantic category could be decoded with a stronger
within-category similarity than the other category (and than across-category pairs). The two
contrasts assessed a stronger within-category similarity for, respectively, tool nouns and, as
a control, animal nouns:

(2) (Tool Primed/Tool Unprimed) — [(Tool Primed/Animal Primed) + (Animal
Unprimed/Tool Unprimed) + (Tool Primed/Animal Unprimed) + (Animal
Primed/Tool Unprimed) + (Animal Primed/Animal Unprimed)]/5

(3)  (Animal Primed/Animal Unprimed) — [(Tool Primed/Animal Primed) + (Animal
Unprimed/Tool Unprimed) + (Tool Primed/Animal Unprimed) + (Tool Primed/Tool
Unprimed)]/5
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To assess whether this difference in similarity differed from zero within a given ROI (i.e.,
greater within- than across-semantic-category similarity), we performed 10,000 permutations
by randomly flipping the sign of the participants’ scores in order to obtain a null distribution.
The probability for observing a significant effect under the null hypothesis was thresholded at
0.05 right-tailed (i.e., a score above zero is expected) and calculated from the proportion of
values of the null distribution superior to the observed score. Thus, if this proportion is smaller
than 0.05, the observed score is considered significant and different from the chance level set
at zero. We applied a false rate discovery (FDR) correction on this probability to correct for
multiple comparisons. Importantly, the multivariate contrast (1) tested whether both word
semantic categories can be decoded within an ROI. In case this contrast was significant for
one RO, to test the prediction that tool nouns specifically recruit the tool-use network, we ran
a follow-up analysis, where we averaged the neural signal across all the voxels for each sub-
ject and each semantic condition separately (i.e., Tool Unprimed, Tool Primed, Animal
Unprimed and Animal Primed nouns). We then performed an ANOVA with Semantic Category
(Tool vs. Animal) and Priming (Unprimed vs. Primed) as within-subject factors. This analysis
aimed to identify which semantic condition (i.e., Tool Unprimed, Tool Primed, Animal
Unprimed and Animal Primed) induced the strongest neural activity within the tool-use net-
work. Post hoc tests were corrected for multiple comparisons with FDR correction.

RESULTS

Tool-Use and Semantic Neural Networks

Planning an action with the tool, rather than with the hand, recruited a network encompassing
bilaterally the BG, the OTC, and the supramarginal portion of the IPL (p < 0.05 FWE cluster
corrected, p < 0.001 cluster-forming threshold; and ), in addition to the
bilateral ventral premotor part of the IFG (p < 0.05 FWE cluster corrected on the right and p <
0.001 uncorrected on the left hemisphere). By contrast, executing an action with a tool, com-
pared to the hand, recruited the secondary visual area bilaterally (p < 0.05 FWE cluster cor-
rected, p < 0.001 cluster-forming threshold; ). In the semantic task, behavioral results
revealed classical priming effects: Participants responded faster to semantically primed as
compared to unprimed words, irrespective of their category (y*4, = 25.78, p < 0.001;

). Furthermore, responses were slower (;(2(1) = 14.35, p < 0.001), and tended to
be less accurate (y%;, = 3.79, p = 0.051), for tool than for animal nouns. No interaction
between Priming and Semantic category was found for RTs or accuracy (3% < 0.59, p, >
0.44; Tool Primed = 945 + 4 3 ms vs. Tool Unprimed = 1,017 £ 43 ms; Animal Primed =
901 + 38 ms vs. Animal Unprimed = 962 + 37 ms). Regarding fMRI, we found that the lexical
decision (i.e., words > pseudowords) recruited the left angular, middle frontal (p < 0.05 FWE
cluster corrected, p < 0.001 cluster-forming threshold), and middle temporal gyri (p < 0.001
uncorrected; and ). The general semantic priming effect (i.e., unprimed
nouns > primed nouns), irrespective of word semantic category, elicited significant activity in a
cluster of the left pars triangularis of the IFG (p < 0.05 FWE cluster corrected, p < 0.001

cluster-forming threshold; top and ). The reverse contrast testing for repe-
tition enhancement revealed a left precuneus activation (p < 0.05 FWE cluster corrected, p <
0.001 cluster-forming threshold; and ). Regardless of the priming condi-

tion, tool nouns, as compared to animal nouns, activated the pars triangularis of the IFG bilat-
erally, the right superior frontal gyrus extending to the left hemisphere as well (p < 0.05 FWE
cluster corrected, p < 0.001 cluster forming threshold), and the left OTC (p < 0.001 uncor-
rected; bottom and ). No significant cluster emerged from the opposite
contrast meant to identify activations specifically induced by processing animal nouns.
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Semantic Categories Are Decoded Within the Tool-Use Planning Network

To test our prediction that activity within the tool-use network represents tool-related semantic
information, we conducted a multivariate analysis on the semantic activation patterns in the
left IFG, left IPL, and left OTC, three crucial nodes of the tool-use planning network we iden-
tified with the motor task and with a documented role in semantic processing of tool nouns as
described earlier ( ; ; ). We reasoned
that if semantic information is encoded within tool-use-related regions, the spatial organization
of semantic neural responses elicited within these regions should be similar for tool nouns,
whether they are primed or not. The same rationale should apply for animal nouns. The oppo-
site is expected when comparing representations of distinct semantic categories: tool nouns
and animal nouns should elicit significantly dissimilar patterns of neural activities in tool-
use related regions (contrast 1 in ; see for the similarity matri-
ces of each ROI). In other words, we expected the similarity of neural activity to be higher for
words within a semantic category than across categories. To assess this, we measured the dis-
tance between the neural patterns for each pair of conditions (i.e., 4 priming conditions result-
ing in 6 possible pairs, see ). Crucially, the difference in neural similarity
between within- and across-semantic-category words was significant in the left OTC, part of
the tool-use planning neural network (mean similarity difference = 0.006 + 0.003; uncorrected
p = 0.02; FDR-corrected p = 0.04; ). More precisely, neural patterns in this region
were similar for tool nouns on the one hand, and for animal nouns on the other hand, irre-
spective of priming. This was not the case for the activation patterns recorded in the left [PL
(mean similarity difference = 0.003 + 0.004; uncorrected p = 0.23; FDR-corrected p = 0.23;

). We also performed the same exploratory analysis in the left IFG cluster activated by

tool use (see ). The patterns for tool and animal nouns were not suc-
cessfully decoded in this region (mean similarity difference = 0.014 + 0.009; uncorrected p =
0.06; FDR-corrected p = 0.09; ). We ran two further contrasts (2 and 3), testing

whether one within-category pair could be uniquely represented compared to any other pair
(i.e., the other within-category pair and the four across-category pairs). For the tool-nouns pair,
we did not find a stronger similarity in the OTC nor in the IPL (uncorrected p, > 0.31; FDR-
corrected ps > 0.31). However, the exploratory analysis in the IFG revealed that tool nouns
were specifically represented in this region, as they elicited a stronger within-category similar-
ity than the animal-nouns pair and the four across-category pairs (mean similarity difference =
0.035 + 0.015; uncorrected p = 0.02; FDR-corrected p = 0.04; ). By contrast, the
analysis testing for a unique representation of animal nouns did not reveal any significance
in any of the ROIls (uncorrected p, > 0.06; FDR-corrected p, > 0.13). Hence, in the left
OTC activated by tool-use planning, the semantic neural activity elicited when processing tool
nouns or animal nouns was dissimilar from the one elicited by word pairs belonging to the two
different semantic categories. This suggests that neural activity within this OTC contains tool-
related, but also animal-related, semantic information. Besides, our exploratory analysis in the
left IFG activated by tool-use planning revealed that tool nouns may be uniquely represented
in this region given the observed stronger within-category similarity.

Unprimed Tool Nouns Are the Most Activated Within the OTC

The multivariate analysis run on the OTC demonstrated that both animal and tool categories
can be represented within this area. To test whether the tool-use-planning network is recruited
specifically by tool nouns in this region, we conducted a follow-up analysis (see

), where we predicted that tool nouns would elicit a stronger signal magnitude than
animal nouns. By testing if the averaged neural activity within the left OTC differed across
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Figure 2. Significant similarity of neural patterns within semantic categories in the left occipito-temporal cortex (OTC) activated by tool use.
(A) Significant semantic decoding in the left OTC (mean similarity difference = 0.006 = 0.003; uncorrected p = 0.02; FDR-corrected p =
0.04) of the tool-use-planning network. (B) No significant semantic decoding in the left IPL (mean similarity difference = 0.003 + 0.004;
uncorrected p = 0.23; FDR-corrected p = 0.23). (C) No significant semantic decoding in the left IFG (mean similarity difference = 0.014 +
0.009; uncorrected p = 0.06; FDR-corrected p = 0.09). The green histograms represent the distribution obtained after 10,000 permutations
of neural-pattern-similarity difference scores. The black line represents the observed group average, and the red dashed line is the unilateral
probability threshold set at p = 0.05.

semantic conditions, we found an interaction between Priming and Semantic Category (F; 19, =
13.6; p = 0.002; neural signal for Tool Unprimed = 1.82 + 0.41; Tool Primed = 1.54 + 0.44;
Animal Unprimed = 1.49 + 0.37; Animal Primed = 1.59 + 0.40). Post hoc tests revealed
that OTC activity was significantly higher for unprimed tool nouns than for primed tool
nouns (p = 0.005) and unprimed animal nouns (p = 0.02).

DISCUSSION

The present study aimed to test whether tool-use related neural activity contributes to semantic
processing of tool nouns and can dissociate their neural representations from those of animal
nouns. Our findings unveil that neural activity within the left occipito-temporal area of the
tool-use planning network takes part in semantic decoding of tool nouns. Tool nouns and ani-
mal nouns involve distinct representations, and tool nouns evoke higher neural activity than
animal nouns in this region. Furthermore, exploratory investigation on the relatively small [FG
cluster activated by tool-use planning revealed semantic decoding specific to tool nouns, that
is, no within-category similarity for animal nouns nor any across-category similarities in this
area. So far, the available neuroimaging evidence was limited to the presupposed co-
localization of semantic and motor processes. Critically, however, these studies did not assess
the sensorimotor function with actual movements (Boronat et al., 2005; Chao et al., 1999;
Chao & Martin, 2000), not to mention tool use, known to recruit a larger neural network than
free-hand movements (Brandi et al., 2014; Peeters et al., 2009; Thibault et al., 2021). We went
a step further by identifying the clusters activated by tool-use actions and by a semantic task
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including tool and animal nouns in those very same participants. The recorded neural activity
highlighted distinct neural representations for each semantic category within the left occipito-
temporal cluster involved in tool-use planning. Both primed and unprimed nouns pertaining to
the same semantic category elicited similar neural patterns in this region, while the neural
patterns elicited by the two semantic categories (tool nouns and animal nouns) were distin-
guishable. Furthermore, and crucially, in the left occipito-temporal cluster, tool nouns induced
higher neural activity than animal nouns, suggesting that tool-noun representations are
strongly established within this tool-use area. This provides compelling evidence that tool-
related semantic information is supported by neural resources that also underpin actual tool
use. Such findings speak in favor of language embodiment theories ( ;

; ; ), suggesting that linguistic
components such as semantics are embodied within modality-specific systems for action
and perception. Indeed, parts of the tool-use sensorimotor network are engaged when acces-
sing semantic information about tool-related words, enabling the decoding of these words, as
distinguished from those referring to animals. This concurs with the general idea that semantic
representations are supported by modality-specific representations built on sensorimotor expe-
riences ( ). The specific decoding of tool nouns we observed in the left
IFG also comes in support of such interpretation. However, the exploratory nature of this anal-
ysis invites us to moderate our interpretation, and further studies are needed to better charac-
terize the contribution of the IFG in both tool use and semantic processing.

In the motor domain, neuroimaging studies previously reported a contribution of the left
OTC to tool use ( ; ). More generally, this cortical area
lies at the intersection of the ventral and dorsal streams, coding for object conceptual rep-
resentations and goal-directed movements of the upper limbs, respectively (

; ). This region has also been recently proposed
to represent more abstract motor representations ( ). The OTC
would encode conceptual information of action that does not depend on the movement
kinematics, the context or the manipulated object (e.g., hammering is a back-and-forth
movement regardless of the direction of the object involved; ;

). The neural patterns for action observation in this area are indeed
similar to those elicited when reading a sentence describing the same action, thus revealing
the crucial role of the OTC in holding an action concept across different domains (

). Along this line, our study suggests that abstract representations of a tool-
use action may support semantic processing of tool nouns. We did not find evidence for
word semantic processing in the left IPL cluster activated by tool use, contrary to the assump-
tions made by previous work ( ; ). This suggests that
semantic processing of object categories within the IPL might occur outside of the tool-use
network. The IPL is part of the dorsal stream and plays a role in retrieving knowledge about
how to use a tool ( ; ). This knowledge may be
less activated in a semantic priming task such as the one we employed here, which may involve
more associative knowledge (i.e., a hammer is used to sink a nail; ;

).

Our finding of common neurofunctional resources between tool-related semantic informa-
tion and tool use predicts potential reciprocal impact of one function over the other at the

behavioral level ( ; ). Coherently, the use of novel tools
that received a label, which may have sharpened their semantic representation, is facilitated in
comparison with unlabeled tools ( ). We also predict the so far untested
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reverse influence, namely that tool use may benefit semantic processing, in line with the
reciprocal impact more generally documented between action and action-related language
( ; ).

Our work opens further perspectives about the strength of the tool-noun representations
within the network recruited for actual tool use. First, it would be of interest to extend the
investigations to various types of tools. Even if different tools have been shown to recruit the
same brain regions when used ( ), subtle activation differences may exist
and be differently related to the processing of tool nouns. Second, in keeping with the pre-
vious point, it may be important to consider whether the tool-use planning network encodes
broad semantic information such as object manipulability or, alternatively, encodes seman-
tic aspects that are more specific to the tools themselves. Indeed, objects such as a candle or
an apple are manipulable, but they do not act on the physical world in the same way a tool
does. Whether semantic representations of manipulable, non-tool objects can be also rep-
resented in the proper tool-use network remains to be tested. A recent study revealed behav-
ioral and electrophysiological differences for the processing of nouns and pictures of tool
and non-tool objects, suggesting the existence of distinct representations in the brain (

).

Finally, whether these results would generalize to different tasks involving tools, such as
observing tool-use actions or imitating and/or imagining them, is an open question. As stated
in the , recent evidence that focused on manual actions (but not tool-use actions)
reveals that the functional network for action observation is more similar to action-related lan-
guage than the network underlying action execution ( ). Along this
line, it would be interesting to test whether tool-noun representations are more tightly linked to
the observation of tool-use actions than to their actual execution. Some lines of evidence
showing common brain activity, in the OTC and IFG, for language and the observation of sym-
bolic gestures of both tool-use and non-tool-use actions ( ; ),
suggest possible links that need further investigation.

ACKNOWLEDGMENTS

We thank Raphaél Py and Mattia Gervasi for their support in data acquisition and analyses;
Francois Lecomte for drawing figures of the fMRI experimental setup; Franck Lamberton and
Danielle Ibarrola for their support with the MRI facilities; and Livio Finos for recommending
statistical analyses.

FUNDING INFORMATION

Claudio Brozzoli, Swedish Research Council ( ),
Award ID: 2015-01717. Claudio Brozzoli, Agence Nationale de la Recherche (
), Award 1D: ANR-JC (ANR-16-CE28-0008-01). Alice C. Roy,
Agence Nationale de la Recherche ( ), Award ID:
ANR-16-CE28-0015. Alice C. Roy, LabEx ASLAN (
), Award ID: ANR-10-LABX-0081. Alice C. Roy, LabEx ASLAN (
), Award ID: ANR-11-IDEX-0007. Véronique Boulenger, LabEx

ASLAN ( ), Award ID: ANR-10-LABX-0081. Véronique
Boulenger, LabEx ASLAN ( ), Award ID: ANR-11-
IDEX-0007.

1021



Tool use and semantics

AUTHOR CONTRIBUTIONS

Simon Thibault: Conceptualization; Data curation; Formal analysis; Investigation; Methodol-
ogy; Software; Validation; Visualization; Writing — original draft; Writing — review & editing.
Eric Koun: Methodology; Resources; Software. Romeo Salemme: Methodology; Resources;
Software. Alice C. Roy: Conceptualization; Funding acquisition; Methodology; Project admin-
istration; Resources; Supervision; Validation; Writing — review & editing. Véronique Boulenger:
Conceptualization; Funding acquisition; Methodology; Project administration; Resources;
Supervision; Validation; Writing — review & editing. Claudio Brozzoli: Conceptualization;

Funding acquisition; Methodology; Project administration; Resources; Supervision; Validation;

Writing — review & editing.

DATA AND CODE AVAILABILITY STATEMENT

Data and codes are available at

REFERENCES

Aflalo, T., Zhang, C. Y., Rosario, E. R., Pouratian, N., Orban, G. A.,
& Andersen, R. A. (2020). A shared neural substrate for action
verbs and observed actions in human posterior parietal cortex.
Science Advances, 6(43), Article eabb3984.

, PubMed:

Allport, D. A. (1985). Distributed memory, modular subsystems and
dysphasia. In S. K. Newman & R. Epstein (Eds.), Current perspec-
tives in dysphasia (pp. 32-60). Churchill Livingstone.

Andric, M., Solodkin, A., Buccino, G., Goldin-Meadow, S.,
Rizzolatti, G., & Small, S. L. (2013). Brain function overlaps
when people observe emblems, speech, and grasping. Neuro-
psychologia, 51(8), 1619-1629.

, PubMed:

Ashburner, )., Barnes, G., Chen, C.-C., Daunizeau, J., Flandin, G.,
Friston, K., Gitelman, D., Glauche, V., Henson, R., Hutton, C.,
Jafarian, A., Kiebel, S., Kilner, J., Litvak, V., Mattout, J., Moran,
R., Penny, W., Phillips, C., Razi, A., ... Zeidman, P. (2021).
SPM12 manual. Wellcome Centre for Human Neuroimaging.

Aziz-Zadeh, L., Wilson, S. M., Rizzolatti, G., & lacoboni, M.
(2006). Congruent embodied representations for visually pre-
sented actions and linguistic phrases describing actions. Current
Biology, 16(18), 1818-1823.

, PubMed:

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Memory and
language mixed-effects modeling with crossed random effects for
subjects and items. Journal of Memory and Language, 59(4),
390-412.

Barsalou, L. W. (1999). Perceptual symbol systems. Behavioral and
Brain Sciences, 22(4), 577-609.

, PubMed:

Barsalou, L. W. (2008). Grounded cognition. Annual Review of Psy-
chology, 59, 617-645.

, PubMed:

Barsalou, L. W., Simmons, W. K., Barbey, A. K., & Wilson, C. D.
(2003). Grounding conceptual knowledge in modality-specific
systems. Trends in Cognitive Sciences, 7(2), 84-91.

, PubMed:

Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimoni-

ous mixed models. arXiv.

Blini, E., Tilikete, C., Farng, A., & Hadj-Bouziane, F. (2018). Probing
the role of the vestibular system in motivation and reward-based

Neurobiology of Language

attention. Cortex, 103, 82-99.
, PubMed:
Borghi, A. M., & Barsalou, L. (2021). Perspective in the conceptu-
alization of categories. Psychological Research, 85(2), 697-719.
, PubMed:

Boronat, C. B., Buxbaum, L. J., Coslett, H. B., Tang, K., Saffran,
E. M., Kimberg, D. Y., & Detre, J. A. (2005). Distinctions between
manipulation and function knowledge of objects: Evidence from
functional magnetic resonance imaging. Cognitive Brain
Research, 23(2-3), 361-373.

, PubMed:

Boulenger, V., Hauk, O., & Pulvermiiller, F. (2009). Grasping ideas
with the motor system: Semantic somatotopy in idiom compre-
hension. Cerebral Cortex, 19(8), 1905-1914.

, PubMed:

Boulenger, V., Roy, A. C., Paulignan, Y., Deprez, V., Jeannerod, M.,
& Nazir, T. A. (2006). Cross-talk between language processes and
overt motor behavior in the first 200 msec of processing. Journal
of Cognitive Neuroscience, 18(10), 1607-1615.

, PubMed:

Brandi, M.-L., Wohlschlager, A., Sorg, C., & Hermsdorfer, J. (2014).
The neural correlates of planning and executing actual tool use.
Journal of Neuroscience, 34(39), 13183-13194.

, PubMed:

Buccino, G., Colage, I., Gobbi, N., & Bonaccorso, G. (2016).
Grounding meaning in experience: A broad perspective on
embodied language. Neuroscience and Biobehavioral Reviews,
69, 69-78. ,
PubMed:

Buxbaum, L. J., & Kalénine, S. (2020). Apraxia: A disorder at the
cognitive-motor interface. In D. Poeppel, G. R. Mangun, &
M. S. Gazzaniga (Eds.), The cognitive neurosciences (6th ed.,
pp. 559-570). MIT Press.

Carota, F., Kriegeskorte, N., Nili, H., & Pulvermiiller, F. (2017).
Representational similarity mapping of distributional semantics
in left inferior frontal, middle temporal, and motor cortex. Cere-
bral Cortex, 27(1), 294-309.

, PubMed:

Cattaneo, Z., Devlin, J. T., Salvini, F., Vecchi, T., & Silvanto, J.

(2010). The causal role of category-specific neuronal

1022



Tool use and semantics

representations in the left ventral premotor cortex (PMv) in
semantic processing. Neurolmage, 49(3), 2728-2734.
, PubMed:

Chao, L. L., Haxby, J. V., & Martin, A. (1999). Attribute-based neural
substrates in temporal cortex for perceiving and knowing about
objects. Nature Neuroscience, 2(10), 913-919.

, PubMed:

Chao, L. L., & Martin, A. (2000). Representation of manipulable
man-made objects in the dorsal stream. Neurolmage, 12(4),
478-484. , PubMed:

Chen, J., Paciocco, J. U., Deng, Z., & Culham, J. C. (2023). Human
neuroimaging reveals differences in activation and connectivity
between real and pantomimed tool use. Journal of Neuroscience,
43(46), 7853-7867.

, PubMed:

Choi, S., Na, D. L., Kang, E., Lee, K., Lee, S., & Na, D. (2001).
Functional magnetic resonance imaging during pantomiming
tool-use gestures. Experimental Brain Research, 139(3), 311-317.

, PubMed:

Courson, M., & Tremblay, P. (2020). Neural correlates of manual
action language: Comparative review, ALE meta-analysis and
ROI meta-analysis. Neuroscience and Biobehavioral Reviews,
116, 221-238. ,
PubMed:

Dahlin, E., Neely, A. S., Larsson, A., Backman, L., & Nyberg, L.
(2008). Transfer of learning after updating training mediated by
the striatum. Science, 320(5882), 1510-1512.

, PubMed:

Desai, R. H., Binder, ). R., Conant, L. L., & Seidenberg, M. S. (2010).
Activation of sensory-motor areas in sentence comprehension.
Cerebral Cortex, 20(2), 468—478.

, PubMed:

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., llkay
Isik, A., Erramuzpe, A., Kent, J. D., Goncalves, M., DuPre, E.,
Snyder, M., Oya, H., Ghosh, S. S., Wright, J., Durnez, J.,
Poldrack, R. A., & Gorgolewski, K. J. (2019). fMRIPrep: A
robust preprocessing pipeline for functional MRI. Nature
Methods, 16(1), 111-116.

, PubMed:

Fernandino, L., Tong, J.-Q., Conant, L. L., Humphries, C. J., &
Binder, J. R. (2022). Decoding the information structure underly-
ing the neural representation of concepts. Proceedings of the
National Academy of Sciences of the United States of America,
1719(6), Article e2108091119.

, PubMed:
fMRIPrep. (2016). fMRIPrep (Version 20.2.0) [Software].

Foerster, F. R., Borghi, A. M., & Goslin, J. (2020). Labels strengthen

motor learning of new tools. Cortex, 129, 1-10.
, PubMed:

Garcea, F. E., & Buxbaum, L. J. (2019). Gesturing tool use and tool
transport actions modulates inferior parietal functional connec-
tivity with the dorsal and ventral object processing pathways.
Human Brain Mapping, 40(10), 2867-2883.

, PubMed:

Garcia, A. M., & Ibéanez, A. (2016). A touch with words: Dynamic
synergies between manual actions and language. Neuroscience
and Biobehavioral Reviews, 68, 59-95.

, PubMed:

Garofalo, G., Magliocco, F., Silipo, F., Riggio, L., & Buccino, G.

(2022). What matters is the underlying experience: Similar

Neurobiology of Language

motor responses during processing observed hand actions
and hand-related verbs. journal of Neuropsychology, 16(2),
389-406. , PubMed:

Goodale, A. M., & Milner, A. D. (1992). Separate visual path-
ways for perception and action. Trends in Neurosciences,
15(1), 20-25. ,
PubMed:

Gough, P. M., Riggio, L., Chersi, F., Sato, M., Fogassi, L., &
Buccino, G. (2012). Nouns referring to tools and natural objects
differentially modulate the motor system. Neuropsychologia,
50(1), 19-25.

, PubMed:

Grisoni, L., Dreyer, F. R., & Pulvermiiller, F. (2016). Somatotopic
semantic priming and prediction in the motor system. Cerebral
Cortex, 26(5), 2353-2366.

, PubMed:

Hauk, O., Johnsrude, 1., & Pulvermiiller, F. (2004). Somatotopic rep-
resentation of action words in human motor and premotor cor-
tex. Neuron, 41(2), 301-307.

, PubMed:

Hermsdorfer, J., Terlinden, G., Muhlau, M., Goldenberg, G., &
Wohlschliger, A. M. (2007). Neural representations of panto-
mimed and actual tool use: Evidence from an event-related fMRI
study. Neurolmage, 36(52), T109-T118.

, PubMed:

Ishibashi, R., Pobric, G., Saito, S., & Lambon Ralph, M. A. (2016).
The neural network for tool-related cognition: An activation
likelihood estimation meta-analysis of 70 neuroimaging con-
trasts. Cognitive Neuropsychology, 33(3-4), 241-256.

, PubMed:

Kalénine, S., & Buxbaum, L. J. (2016). Thematic knowledge, artifact
concepts, and the left posterior temporal lobe: Where action and
object semantics converge. Cortex, 82, 164-178.

, PubMed:

Kemmerer, D., Rudrauf, D., Manzel, K., & Tranel, D. (2012).
Behavioral patterns and lesion sites associated with impaired
processing of lexical and conceptual knowledge of actions. Cor-
tex, 48(7), 826-848.

, PubMed:

Kleiner, M., Brainard, D., Pelli, D., Ingling, A., Murray, R., &
Broussard, C. (2007). What's new in Psychtoolbox-3. Percep-
tion, 36(14), 1-16.

Klepp, A., Niccolai, V., Buccino, G., Schnitzler, A., & Biermann-
Ruben, K. (2015). Language-motor interference reflected in
MEG beta oscillations. Neurolmage, 109, 438-448.

, PubMed:

Klepp, A., van Dijk, H., Niccolai, V., Schnitzler, A., & Biermann-
Ruben, K. (2019). Action verb processing specifically modulates
motor behaviour and sensorimotor neuronal oscillations. Scien-
tific Reports, 9, Article 15985.

, PubMed:

Kotz, S. A., Cappa, S. F., von Cramon, D. Y., & Friederici, A. D.
(2002). Modulation of the lexical-semantic network by auditory
semantic priming: An event-related functional MRI study. Neuro-
Image, 17(4), 1761-1772.

, PubMed:

Lau, E. F., Gramfort, A., Hamaliainen, M. S., & Kuperberg, G. R.
(2013). Automatic semantic facilitation in anterior temporal
cortex revealed through multimodal neuroimaging. Journal of
Neuroscience, 33(43), 17174-17181.

, PubMed:

1023



Tool use and semantics

Lesourd, M., Servant, M., Baumard, J., Reynaud, E., Ecochard, C.,
Medjaoui, F. T., Bartolo, A., & Osiurak, F. (2021). Semantic and action
tool knowledge in the brain: Identifying common and distinct net-
works. Neuropsychologia, 159, Article 107918.

, PubMed:

Marangolo, P., Bonifazi, S., Tomaiuolo, F., Craighero, L., Coccia,
M., Altoe, G., Provinciali, L., & Cantagallo, A. (2010). Improving
language without words: First evidence from aphasia. Neuropsy-
chologia, 48(13), 3824-3833.

, PubMed:

Martin, A., & Chao, L. L. (2001). Semantic memory and the brain:
Structure and processes. Current Opinion in Neurobiology, 11(2),
194-201. ,
PubMed:

MathWorks. (n.d.). MATLAB [Software].

Matsumoto, A., lidaka, T., Haneda, K., Okada, T., & Sadato, N.
(2005). Linking semantic priming effect in functional MRI and
event-related potentials. Neurolmage, 24(3), 624-634.

, PubMed:

Neurobehavioralsystems. (2024). Presentation [Software].

New, B., Pallier, C., Brysbaert, M., & Ferrand, L. (2004). Lexique 2:
A new French lexical database. Behavior Research Methods,
Instruments, and Computers, 36(3), 516-524.

, PubMed:

Oldfield, R. C. (1971). The assessment and analysis of handedness:

The Edinburgh inventory. Neuropsychologia, 9(1), 97-113.
, PubMed:

Oosterhof, N. N., Connolly, A. C., & Haxby, J. V. (2016). CoS-
MOMVPA: Multi-modal multivariate pattern analysis of neuroim-
aging data in Matlab/GNU Octave. Frontiers in Neuroinformatics,
10, Article 27. , PubMed:

Peeters, R., Simone, L., Nelissen, K., Fabbri-Destro, M., Vanduffel,
W., Rizzolatti, G., & Orban, G. A. (2009). The representation of
tool use in humans and monkeys: Common and uniquely human
features. Journal of Neuroscience, 29(37), 11523-11539.

, PubMed:

Perani, D., Schnur, T., Tettamanti, M., Gorno-Tempini, M., Cappa,
S. F., & Fazio, F. (1999). Word and picture matching: A PET study
of semantic category effects. Neuropsychologia, 37(3), 293-306.

, PubMed:

Pezzulo, G., Barsalou, L. W., Cangelosi, A., Fischer, M. H., McRae,
K., & Spivey, M. J. (2013). Computational grounded cognition: A
new alliance between grounded cognition and computational
modeling. Frontiers in Psychology, 3, Article 612.

, PubMed:

Ponce de Leén, M. S., Bienvenu, T., Marom, A., Engel, S., Tafforeau,
P., Alatorre Warren, J. L., Lordkipanidze, D., Kurniawan, I., Murti,
D. B., Suriyanto, R. A., Koesbardiati, T., & Zollikofer, C. P. E.
(2021). The primitive brain of early Homo. Science, 372(6538),
165-171. , PubMed:

Pulvermiiller, F. (2005). Brain mechanisms linking language and

action. Nature Reviews Neuroscience, 6(7), 576-582.
, PubMed:

Pulvermiiller, F., & Fadiga, L. (2010). Active perception: Sensorimo-
tor circuits as a cortical basis for language. Nature Reviews Neu-
roscience, 11(5), 351-360. ,
PubMed:

Neurobiology of Language

Schone, H. R., Maimon-Mor, R. O., Baker, C. I., & Makin, T. R.
(2021). Expert tool users show increased differentiation between
visual representations of hands and tools. Journal of Neurosci-
ence, 41(13), 2980-2989.

, PubMed:

Singmann, H., Bolker, B., Westfall, J., Aust, F., & Ben-Shachar, S. M.
(2020). afex: Analysis of factorial experiments (R package version
0.27-2) [Software].

Stout, D., & Chaminade, T. (2012). Stone tools, language and the
brain in human evolution. Philosophical Transactions of the
Royal Society of London, Series B: Biological Sciences,
367(1585), 75-87. ,
PubMed:

Tettamanti, M., Buccino, G., Saccuman, M. C., Gallese, V., Danna,
M., Scifo, P., Fazio, F., Rizzolatti, G., Cappa, S. F., & Perani, D.
(2005). Listening to action-related sentences activates
fronto-parietal motor circuits. Journal of Cognitive Neuroscience,
17(2), 273-281. ,
PubMed:

Thibault, S., Py, R., Gervasi, A. M., Salemme, R., Koun, E.,
Lovden, M., Boulenger, V., Roy, A. C., & Brozzoli, C. (2021).
Tool use and language share syntactic processes and neural
patterns in the basal ganglia. Science, 374(6569), Article
eabe0874. ,
PubMed:

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F.,
Etard, O., Delcroix, N., Mazoyer, B., & Joliot, M. (2002). Auto-
mated anatomical labeling of activations in SPM using a macro-
scopic anatomical parcellation of the MNI MRI single-subject
brain. Neurolmage, 15(1), 273-289.

, PubMed:

Ungerleider, L. G., & Mishkin, M. (1982). Two cortical visual sys-
tems. In D. J. Ingle, M. A. Goodale, & R. ). W. Mansfield (Eds.),
Analysis of visual behavior (pp. 549-586). MIT Press.

Visani, E., Garofalo, G., Sebastiano, D. R., Duran, D., Craighero, L.,
Riggio, L., & Buccino, G. (2022). Grasping the semantic of
actions: A combined behavioral and MEG study. Frontiers in
Human Neuroscience, 16, Article 1008995.

, PubMed:

Visani, E., Sebastiano, D. R., Duran, D., Garofalo, G., Magliocco,
F., Silipo, F., & Buccino, G. (2022). The semantics of natural
objects and tools in the brain: A combined behavioral and
MEG study. Brain Sciences, 12(1), Article 97.

, PubMed:

Wurm, M. F., & Caramazza, A. (2019). Distinct roles of temporal
and frontoparietal cortex in representing actions across vision
and language. Nature Communications, 10(1), Article 289.

, PubMed:

Wurm, M. F., & Caramazza, A. (2022). Two “what” pathways for
action and object recognition. Trends in Cognitive Sciences,
26(2), 103-116. ,
PubMed:

Wurm, M. F., & Lingnau, A. (2015). Decoding actions at differ-
ent levels of abstraction. Journal of Neuroscience, 35(20),
7727-7735.

, PubMed:

Xu, J., Gannon, P. )., Emmorey, K., Smith, J. F., & Braun, A. R.
(2009). Symbolic gestures and spoken language are processed
by a common neural system. Proceedings of the National Acad-
emy of Sciences of the United States of America, 106(49),
20664-20669. ,
PubMed:

1024



