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Abstract

According to Embodied theories of language, sensorimotor systems are actively involved in the
processing of words meaning. Different studies support this theoretical proposition, showing that
modality-specific sensorimotor representations built on actual experiences are reenacted during words
processing. While Concrete concepts are thought to rely on reactivation of experiences in exteroceptive
modalities; Abstract concepts are thought to reactivate bodily sensations through the interoceptive
modality. The main aim of the current thesis is to provide evidence advocating for the prominent role
of interoception in embodiment of Abstract concepts, providing additional insight on the body-
language coupling adopting behavioral and electrophysiological techniques. In Experiment 1, we
compared perceptual strength ratings across languages, explored the importance of interoception in
defining Abstract concepts, and addressed its implication for trait measures of empathy and
interoceptive sensitivity. Moreover, cluster analysis was conducted with the aim of examining whether
perceptual strength ratings could provide a reliable way of distinguishing conceptual categories. In
detail, we explored perceptual strength ratings of 40 Abstract and 40 Concrete concepts in Italian,
Hebrew, and English native speakers. As far as we are aware of, no previous studies directly compared
different languages combining perceptual strength ratings, trait measurements, and clustering analysis.
We observed high consistencies between languages for what concerns: 1) pattern of perceptual ratings
for Abstract and Concrete concepts for each modality; 2) the importance of interoception in
embodiment of Abstract concepts; and 3) the perceptual-based distinction in conceptual categories. In
addition, some cross-linguistic differences emerged in relation to the levels in which interoceptive
components of concepts influence empathy. In addition, to understand better the contribution of bodily
states and interoception to word processing, we further examined the effects of being immersed in a
perceptual deprivation chamber aimed at increasing saliency of bodily and internal states on
electrophysiological correlates of word processing. To the best of our knowledge no previous studies
explored the effect of this kind of manipulation on word processing. Consequently, in Experiment 2,
we collected ERPs related to the processing of Abstract and Concrete words, focusing on the N400 and
a late N700-like negativity. We hypothesized that the immersion in the perceptual deprivation chamber
would reduce the differences between ERPs” amplitudes for Abstract and Concrete words as an effect
of increased interoceptive and decreased exteroceptive saliency. In line with our hypothesis, we
observed that: 1) the N400 difference between Abstract and Concrete concepts was reduced in the
perceptual deprivation chamber; and 2) Abstract concepts elicited stronger late N700-like negativity in
the perceptual deprivation chamber. We suggest that increased attentional focus on internal states
would reduce the retrieval of sensorimotor components during Concrete concepts processing and
facilitate multimodal imagery processes during Abstract words’ processing. Taken together, the current
thesis supports the bidirectional relationship between bodily states and language processing in which
words act as cue to the retrieval of perceptual experiences (language-to-body) and the bodily state
facilitate the retrieval of multimodal situated representations (body-to-language). Furthermore, the
importance of directing attention towards bodily and internal states and the implications of our results
on the Abstract-Concrete distinction are discussed. In conclusion, bodily states appear to be involved
in word processing even more than previously thought. Future studies aimed at providing deeper
understanding of the body-language coupling including additional physiological measures are
recommended.
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1. General introduction
1.1. Words and meanings

One of the most remarkable systems developed to communicate meanings is
language. Language is defined as “the system of words or signs that people use to express

thoughts and feelings to each other” (https://www.britannica.com/dictionary/language).

The first part of this definition addresses the means through which language is used
(i.e., words or signs). The second part defines the functional role of language:
communication of information from one agent (sender) to another (receiver). From a
functional perspective, words are in fact considered signs of thoughts representing
subjective meanings that are flexibly modulated accordingly to the speakers’ needs to
communicate (Whitney, 1867). We can define the first part of the definition of
language as “how” language is used and the second as “what” is communicated
through it. According to de Saussure (1916), language is based on this dual
characterization of “how” and “what”, that he described in terms of signifier and
signified. In fact, he suggested that signs are composed of a signifier (i.e., the form in
which the meaning is encoded) and a signified (i.e., the meaning of the concept itself
which is represented by the signifier). The specific written form of the word “chair”
and the phonological pattern of its spoken counterpart that sounds like [ tfer] would
represent two different linguistic signifier referring to the signified conceptual
meaning of “chair”, i.e., “a furniture that is used to sit”. For simplicity, from now on,
we will use the term “words” to represent signifier in all their forms, both written and
spoken. Looking at the signified side, we will use the term “concept” to describe the
meaning of a word that is encoded and processed when we are using language. These
two aspects of language must necessarily be bounded together to fruitfully use such a
complex function. With the term “referential semantics” we identify that branch of
linguistics that explores the nature of the link between words (signifier) and concepts

(signfified) (Thrane, 1980).


https://www.britannica.com/dictionary/language

Words are not always necessarily related to a concrete object as in the “chair”
example provided before. In fact, words can refer to abstract meanings that are not
directly perceivable through senses, are more difficult to imagine, show more
interindividual variability, and, unlike words referring to a concrete referent, are not
spatially constrained (Schwanenflugel & Stowe, 1989; Setti & Caramelli, 2005;
Hoffman, 2016; Borghi et al., 2017). These crucial differences between Abstract and
Concrete words would determine differences in how Concrete and Abstract concepts
are encoded, stored, recalled, and, more generally, processed. Different theories aimed
at exploring the possible functional and structural ontological differences between
Abstract and Concrete concepts have been proposed throughout the last century of
studies on language and cognition. In the following chapters, I will review the most
relevant theories regarding the mechanisms involved in conceptual processing of

Abstract and Concrete concepts.

1.2. Early psycholinguistic evidence on the differences

between Abstract and Concrete concepts

The earliest and most famous psycholinguistic evidence showing a difference
between the processing of Abstract and Concrete concepts is the “Concreteness
Effect”, demonstrating that Concrete concepts are processed faster and more
accurately in comparison to abstract ones during lexical judgment tasks (James, 1975;
Paivio, 1971; Kroll & Merves, 1986). Several interpretations have been made for the
Concreteness Effect. An explanation for this effect was proposed by the Dual Coding
Theory (DCT; Paivio, 1991). According to the DCT, Abstract and Concrete concepts
are stored in separated semantic systems. The processing of Concrete concepts would
be facilitated by the fact that they would be stored in a double format: a
verbal/linguistic format, and a non-verbal/imaginative format. Conversely, Abstract
concepts would be stored in a verbal/linguistic format only. Thus, the advantage for

Concrete concepts would be elicited by the possibility to access relevant information



from multiple systems and by the fact that the non-verbal system would allow to
manipulate and process contents more flexibly and in a parallel fashion, in opposition
to the rigid and the sequential processing assumed for the verbal system (Clark &
Paivio, 1991). In terms of distinctive features, the DCT suggested that Imageability
(i.e., the extent to which a concept is easily imagined) would be a conceptual feature

crucially involved in the elicitation of the Concreteness effect.

Another explanation for the Concreteness effect was proposed by the Contextual
Availability Theory (CAT; Schwanenflugel and Shoben, 1983). According to the CAT,
conceptual knowledge would be stored in a single multimodal semantic system and
the advantage in behavioral measures (i.e., reaction times and accuracy in recognition
tasks) observed for Concrete concepts is due to their stronger and richer associations
with contextual information, while the Abstract ones are thought to be associated with
contextual information to a much lesser extent. This idea was reinforced by the fact
that when abstract concepts were presented in a context providing sufficient related
information, the advantage of concrete concepts disappeared (Schwanenflugel &
Stowe, 1989). So, the DCT and the CAT differed on the fact that the first is based on
the idea that conceptual knowledge is stored in two different semantic systems (verbal
and non-verbal), while the latter entails the existence of one semantic system.
However, considering that the importance of contextual information in processing of
concepts is not in contrast with the DCT main principles, an integrated context-extended
dual coding theory unifying these two views have been also proposed (Holcomb et al.,

1999).

Noteworthy, these theories assumed that Concrete concepts would possess
inherently greater semantic richness compared to Abstract ones, albeit the two
theories differed in the cognitive dimension explaining such difference. Thus,
Concrete concepts have been thought to be richer than Abstract concepts for a long
time. Such formulation further influenced how concreteness and abstractness have

been operationalized. Abstractness has been typically operationalized as a lack of



Concreteness and very weak efforts were spent in trying to provide a more detailed
and valid definition of what abstractness is. This de facto drew attention (and scientific
efforts) away from a wide portion of the story (see Borghi et al., 2017). The main
difficulty encountered in providing a thorough definition of abstractness was related
to the lack of perceptual attributes of Abstract concepts. In the last thirty years, a
growing body of research programs was aimed at exploring the contents, the
functional role, and the structure of Abstract concepts. Some of the most interesting
advances in this direction were proposed within the theoretical framework of

Embodied Cognition.
1.3. A short perspective on Embodied Cognition

Embodied approaches to the conceptual representation of knowledge were born
as a response to the traditional cognitivist approach. The traditional cognitivist
approach was a direct consequence of theoretical stances reckoning on the brain-
computer metaphor that became popular from the second half of the 20* century,
arising from advancements in fields such as computer sciences, artificial intelligence,
formal linguistics, and cognitivism (Gardner, 1987). According to such approach,
words would be stored in a symbolic arbitrary format that has no direct relation with
the features of its referent, and they would be processed through a set of formal
computational operations in a specifically dedicated amodal cognitive system (Fodor,
1975; Anderson, 1983; Pylyshyn, 1984; Fodor & Pylyshyn, 1988). Crucially, such
amodal system has been theorized to be completely segregated and functionally
independent from modality-specific systems, like motor, perceptual, and affective
systems. This view was challenged by the suggestion that words as purely formal
symbolic entities would necessarily at a certain point be related to a modality-specific
content to acquire meaning. Such argument against the amodal view of concepts was

called the Symbol Grounding Problem (Harnad, 1990).



Starting from this critical point of view, different scholars took a step back from
the traditional cognitivist view and put the accent on the involvement of the affective,
motor, and perceptual systems in defining the contents of our experiences and their
tight connection with cognitive functions (Barsalou, 2008; Gallese, 2005; Hesslow,
2012). The term Embodied reaffirms the fundamental idea that our cognitive system is
embedded in a body belonging to the physical word and that cognition takes place
from the interplay between the brain, the body, and the world (Foglia and Wilson,
2013). The idea that sensory experiences are central in defining our conceptual
knowledge of the world has a long history in philosophy and it comes from British
Empiricists like Hume and Locke (see Prinz, 2002). However, Embodied Cognition
scholars dramatically expanded Empiricists” conceptualization of how senses shape
our conceptual representations by integrating their view with more recent ideas
borrowed from fields like cognitive sciences and neuroscience. For example, current
formulation of Embodied Cognition include the possibility that conceptual processing
could take place outside of awareness (Kemmerer, 2015); that some innate
mechanisms could play a role in how humans gather knowledge (Barsalou, 2008); the
inclusion of other types of information that are not necessarily sensorial like affective,
metacognitive or social (Borghi et al., 2019), and, recently, the view of language as a
phylogenetically novel experiential system itself which is involved in the embodiment

of concepts in inner mental states (Dove et al., 2022; 2023).

The fundamental mechanism that has been posited in Embodied theories of
language is that when we process words’ meaning (either in production or
comprehension) the brain regions that are engaged during the actual experience of the
referents are reactivated to simulate the original experience (for reviews see Barsalou
et al., 2003; Binder and Desai, 2011; Meteyard et al., 2012; Pulvermidiller, 2013; Buccino
et al., 2016). This reactivation (or reenactment) is not an all-or-nothing phenomenon.
In fact, different theories suggested that reactivations of modality-specific brain

regions can range from a partial reactivation of neural sensorimotor representations



during meaning processing to a full simulation of the original experience (Barsalou,
1999; Willems and Casasanto, 2011). It is important to stress that task-specific
requirements can affect the extent to which sensorimotor information are recalled,
suggesting that shallow language processing can occur when deep semantic
processing is not possible or when recruitment of modal areas is not efficient
(Louwerse and Jeunieaux, 2008; Louwerse and Connell, 2011). In such cases,
processing of linguistic shortcuts showed to have enough heuristic power to provide
good enough representations adequate to accomplish useful semantic processing,
optimizing the tradeoff between accuracy, response time and task requirements
(Connell and Lynott, 2014; Connell, 2019). The idea of language and sensorimotor
systems as functionally coupled systems that interact to provide flexible conceptual
processing is in line with some recent views suggesting that language itself can be
considered a source of experience (Dove, 2022; 2023). The Dual Coding Theory
previously described represented a first formulation of coupling between
sensorimotor and linguistic systems, but it didn’t include the integration of other
important dimensions of human experiences such as emotional or social experiences.
It has also been proposed that concepts are re-constructed starting from their basic
core features every time they are processed in accordance to task requirements. Thus,
experiential information from long term memory could be retrieved to generate ad-
hoc and flexible representations in accordance with contextual, situational, and task-
related features (Connell and Lynott, 2014; Casasanto and Lupyan, 2015). Irrespective
of the depth of the simulation occurring during language processing, the theoretical
and experimental propositions advocating for a functional role of modality-specific

features in conceptual processing are many and robust.

Behaviorally, facilitation or interference effects were observed when
sensorimotor systems were systematically called into question during conceptual
processing. For example, an interference effect was observed in different studies

adopting property verification of concepts presented as visual words whenever there



was a switch in the key perceptual modality across consecutive trials (Pecher et al.,
2003; 2004; Van Dantzig et al., 2008). Interference has also been observed when
conceptual processing relies on a specific perceptual modality which is already
engaged by a competing processing in working memory of another object relying on
the same modality that requires high attentional demands (Vermeulen et al., 2008).
On the other hand, facilitation in conceptual processing have been observed when the
processing of a modality-specific stimulus was preceded by the presentation of
another stimulus in the same modality, suggesting that sensory priming can also affect
access to conceptual meanings depending on the specific task requirements
(Vermeulen et al, 2009). Moreover, physical stimulation in the tactile and
proprioceptive modalities have been observed to favor the processing of small
manipulable objects, but not large non-manipulable objects, thus providing evidence
for the causal involvement of tactile modality-specific information in relations to size

of objects (Connell et al., 2012).

Besides these examples, many other behavioral studies showed that modality-
specific features are functionally involved in semantic processing across different
tasks, including modality categorization, word recognition, and conceptual
manipulation (see also Connell and Lynott, 2011, 2014; van Dantzig et al., 2011; for

reviews see Barsalou et al., 2003, and Pulvermidiller, 2005).
1.4. Evidence for modality-specific cerebral activations

The importance of modality-specific features during conceptual processing has
also been supported by neuroimaging studies adopting techniques such as fMRI or
EEG. There are evidence converging in saying that modality specific sensorimotor
systems, sometimes referred as “experiential systems” (Dove, 2022), show increased
activity during processing of concepts related to experiences in the same modality. For
example, when processing written words representing concepts with high acoustic

and auditory features, increased activity has been found in left posterior-superior and



middle temporal regions, which are involved in high order auditory processing
(Kiefer et al., 2008). Interestingly, such activity was found to arise at around ~150
milliseconds after stimulus onset, suggesting that the recruitment of modal auditory
areas would be fast, automatic, and implicitly involved in semantic processing. The
recruitment of body-related specific modal areas has also been observed during the
processing of verbs representing actions executed with legs, hands, or mouth.
Specifically, the motor regions which activity is related to a specific effector (e.g., the
portion of the motor cortex that control the legs) were observed to be reactivated
during passive reading of sentences referring to the same effector-related verbs (e.g.,
to kick; Hauk et al., 2004). Similarly, the presentation of sentences describing actions
have been observed to elicit cortical activity in premotor cortex which is similar to the
activity elicited when the actual actions are observed, suggesting that mirror neurons
could also play a functionally important role in embodiment of language (Aziz-Zadeh,

2006).

On the same line, processing of hand-related actions produced interference with
hand motor responses both when actions were directly observed or when they were
presented in verbal form (Garofalo et al., 2022). Other studies adopting neuroimaging
techniques showed modality-specific activation for visual, gustatory, and olfactory
areas during conceptual processing (Simmons et al., 2007; Barros-Loscertales et al.,
2012; Gonzalez et al., 2006). To sum up, an extensive number of studies showed
activations of modality-specific regions according to the underlying sensorimotor
experiences during conceptual processing (for reviews see Pulvermiiller and Fadiga,

2010; Kiefer and Pulvermiiller, 2012; Kiefer and Barsalou, 2013).

These studies advocating for the involvement of modality-specific mechanisms
during language processing provide a complex tapestry of theoretical positions that
share one common underlying thread: bodily states, situated actions, and modality-
specific simulations provide the experiential features that are functionally involved in

encoding, storage, and retrieval of semantic knowledge.



1.5. The experiential core of conceptual representations

Once established the importance of experiences in embodiment of concepts, it is
important to define which experiential features are important for conceptual
representations. Early attempts in defining which contents are used during language
processing were based on the idea that each concept can be defined by the presence
or absence of specific features (Garrard et al.,, 2001; Cree and McRae, 2003). For
example, the prototypical concept of “dog” can be characterized by different features
like: it has four legs, it barks, it has two eyes, it is loyal, and it has a tail. However, the
presence or absence of specific categorical features does not explain how these features
are primarily experienced, especially considering that they can in turn be
characterized by the presence or absence of other intra-categorical features. As a

matter of fact, this relates again to the symbol grounding problem (Harnad, 1990).

To overcome this issue, recent studies moved the discussion from
presence/absence of qualitative categorical features to a quantitative examination of
basic experiential features. For example, Binder and colleagues (2016) performed an
online mega-study with the aim to explore the experiential features associated with a
set of 535 diverse concepts and provide an experiential map of concepts’ features,
examining 1743 participants. They used 65 experiential attributes, belonging to
diverse domains like perceptual, motor, social, affective, numerical, temporal, spatial,
and cognitive experiences. Each participants rated a single concept for its experiential
tfeatures, according to participants’ subjective experience. Results showed that
different conceptual categories were represented by specific pattern of features.
Specifically, “abstract entities” obtained greater ratings in features reflecting social
experiences, emotional experiences, and temporal/causal features in comparisons to
“artefacts” and “living things”. In addition, they computed a similarity matrix to
calculate within- and between-categories semantic distances measures. Then, they
compared their feature-based componential similarity model with a similar language-
based model derived from latent semantic analysis (LSA), which is a measure of

9



semantic similarity based on co-occurrences in text corpora (Landauer & Dumais,
1997). This comparison showed that the two models were modestly correlated and
that they both reflected a categorical structure of semantic knowledge, even though
reflecting different kind of information. However, the feature-based matrix showed
greater sensitivity to co-membership highlighted by stronger within-category
similarity, suggesting that the exploration of conceptual experiential features could
provide more fine-grained and robust categorization of concepts in comparisons to
language-based models. This approach highlighted how different experiential
features are involved in conceptual processing. However, collecting so many
experiential features could be complex and not efficient both in terms of data
collection and computation. Thus, other studies tried to reduce the dimensions of

experiential features focusing on basic perceptual and motor features.

In fact, another approach based on experiential ratings of perceptual modalities
has been proposed by Lynott and colleagues (2009, 2013, 2020). They proposed to
explore modality- and effector-specific sensorimotor features of conceptual
representations through Perceptual Strength Ratings. Perceptual Strength ratings
consisted in ratings on the extent to which a target concept could be experienced
through perceptual modalities and specific body parts. Included perceptual
modalities were visual, haptic, auditory, olfactory, gustatory modalities and, in more
recent versions, interoception (as will be detailed in section 1.9). The body parts
included are arm/hand, leg/foot, torso, mouth/throat, and head. Through collection of
such ratings, specific pattern of sensorial and motor features for each concept
emerged. For example, they showed the prominent role of visual modality in a large
variety of concepts, that concepts rated with high visual and haptic experiences
resulted to be less experienced through interoception, and that there is a very high
correlation between ratings in the auditory dimension and the involvement of head

and mouth as effectors (Lynott et al., 2020).
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Importantly, maximum perceptual strength ratings (i.e., the highest rating
obtained among all the modalities) has been observed to explain reaction times in
lexical decision tasks better than other indexes previously adopted in studies on
semantic processing, such as Concreteness or Imageability (2012). In sum, studies on
Perceptual Strength ratings suggested that sensory components of conceptual
representations capture an experiential dimension which is dissociable from other
measures typically adopted in early psycholinguistic studies. This would be
particularly important in explaining the differences between Abstract and Concrete

concepts.
1.6. Current theories on the embodiment of Abstract Concepts

One of the first attempts to fill the void regarding the question of what constitute
the experiential basis for Abstract Concepts was the Affective Embodiment Account,
proposed by Kousta and colleagues (2009, 2011). In their seminal studies, they
provided evidence advocating for the causal involvement of affective experiences in
the embodiment of Abstract Concepts and proposed some counterarguments against
the dualistic model proposed by Dual Coding Theory. Specifically, they showed that,
when lexical and psycholinguistic features of words (e.g.,, imageability, context
availability and mode of acquisition) are controlled, Abstract concepts are processed
even faster than Concrete ones. Such advantage for Abstract words was observed to
be mediated by their emotional contents, suggesting that the difference in the affective
dimension would explain the differences between Abstract concepts and Concrete
concepts better than linguistic ones. According to this view, the rostral Anterior
Cingulate Cortex, an area associated with control of emotional processing, was found

to be engaged by the processing of Abstract concepts (Vigliocco et al., 2014).

Other evidence on the importance of affective information in processing Abstract
concepts comes from studies on the mechanisms that underlie the acquisition of such

concepts during development (for a review on embodied cognition and language
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acquisition see Pexman, 2019). For example, emotionally valenced words have been
observed to be learned earlier than neutral words (Ponari et al., 2018). Also, children
of age 8~9 showed greater precision in processing Abstract words with positive
affective valence in comparisons to neutral Abstract words. Moreover, the precision
in description of novel Abstract words was greater for valenced words in children of
age 7~9 (Ponari et al., 2020). However, children of age 9~10 showed no advantage for
valenced over neutral words. This result suggests that emotional valence has an
important role in early stages of language learning, while latter experiences would
enlarge the dimensions associated with Abstract words including for example

affective arousal, social features, and linguistic co-occurrences (Nook et al., 2017).

Similarly, the fact that Abstract words are usually acquired later than Concrete
words could be related to the way through which we acquire meanings (i.e., mode of
acquisition). In fact, it has been observed that there is a shift from a majority of
perceptually acquired meanings to linguistically acquired meanings from 1t to 6%
grade (Wauters et al.,, 2003). Moreover, Ponari and colleagues also showed that
children with developmental language disorders showed no significant impairments
in identifying and define Abstract words in comparisons to age-matched typically
developing children (Ponari et al., 2018), suggesting that Abstract words meaning are
correctly learned regardless of language proficiency. Finally, in line with the Affective
Embodiment Account, Reggin and colleagues recently showed that both positive and
negative valenced Abstract words are acquired earlier than valence-matched Concrete
words. Also, Abstract words with low Interoceptive strength and low Mouth action
strength ratings were learned at a later stage compared to Concrete concepts while the
age of acquisition of Abstract words with high ratings in those dimensions were
comparable to Concrete words (Reggin et al., 2021). These results suggest that
emotional experiences associated with Abstract concepts seems to have an important

role, especially in early stages of language acquisition.
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Another very influential theory that explored the acquisition and the uses of
Abstract concepts from a multidimensional perspective is the Words As social Tools
theory (WAT; Borghi and Binkofski, 2014; Borghi et al., 2019). This view suggests that
social, metacognitive, introspective, affective, interoceptive, and purely linguistic
experiences are all crucial for the processing of Abstract concepts. According to this
view, words are used to shape, organize, infer, and communicate intangible mental
states and desires; to pragmatically perform meaningful acts that affect the status of
social relations, and prime action with the aim to elicit goal-directed responses in
others (Tylen et al., 2010; Gianelli et al., 2013; Glenberg, 2019). Social and linguistic
experiences would play a crucial role in the acquisition, representation, and utilization
of Abstract concepts. The role played by social interaction as a variable involved in
studies on conceptual representations has often been neglected, but recent studies
shows that the social dimension has an important role in learning and representing
concepts (Arioli et al., 2021; Borghi, 2022; De Felice et al., 2023; Pexman et al., 2023).
According to the WAT proposal, other processes that are thought to play a particular
role in processing Abstract concepts are introspection (Wiemer-Hastings and Xu, 2005)
and metacognition (Shea, 2018). The involvement of such functions relies on the fact
that through them we can reflect on contents of our knowledge and reinforce (or
modify) their attributes of values through thinking. Moreover, the confidence in and
evaluation of our own mental process can have social implications (Bahrami et al.,
2010), thus affecting our practical use of Abstract concepts in social environment,
which in turn would affect their associated underlying experience. These processes
would be particularly relevant for Abstract concepts, as their meanings are often
characterized by uncertainty and greater inter-subjective variability that make

necessary to often re-elaborate their contents in our thoughts (Borghi et al., 2023).

Stemming from frameworks like the Affective Embodiment Account and the
Words As social Tools theories, the idea that interoceptive sensations could be

important in providing a perceptual basis for Abstract concepts gained increasing
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attention. Interoception was put in the spotlight by recent studies in the domain of
conceptual processing (Connell et al., 2018; Villani et al., 2019; Villani et al., 2021), as
well as in the study of its importance in defining the embodied experience of emotions
(Critchley and Garfinkel, 2017; Seth, 2018; Zhou et al., 2021). Connell and colleagues
(2018) argued that interoception is a perceptual modality which carries information
about sensorial features in a large variety of concepts and that its importance is
particularly prominent in the processing of Abstract concepts. In fact, the
Interoceptive modality was found to be dominant (i.e., obtained the highest score
across all modalities) for 13.6% of the Abstract concepts in their dataset, compared to
the 3% of Concrete ones. High ratings for interoception were found to characterize
those concepts having strong connections with bodily states (e.g., tired), cognition
(e.g., think or belief), or high emotional connotations (e.g., joy or fear) in comparison to
concepts categorized as very abstract (e.g., aptitude) or concrete (e.g., chair). They also
showed that interoception ratings were markedly higher for emotion-abstract
concepts compared to neutral-abstract concepts and that they were also found to be
particularly prominent in characterizing concepts reflecting negative emotions (e.g.,
fear and sadness). Similarly, perceptual processing has previously been observed to be
enhanced when it comes to negative compared to positive emotion words (Nasrallah
et al., 2009). Moreover, the inclusion of interoceptive strength in models aimed at
predicting reaction times and accuracy in semantic processing performances (e.g., in
lexical decision and word naming tasks) provided better results than when the model
included only the five classical perceptual modalities. These results highlighted the
important contribution of including interoception for a comprehensive and
exhaustive explanation of experiential contents of Abstract concepts, together with the

other classical exteroceptive modalities.
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Figure 1. Diagram representing the main theories on the embodiment of Abstract Concepts (AC) in Interoception.

In line with these studies, Villani and colleagues recently showed that difficulty
ratings of abstract concepts would be selectively affected by the concurrent
performance of an interoceptive task (Villani et al., 2021). In detail, they observed that
the difference between difficulty ratings (i.e., the subjective ratings of how much a
concepts is considered “difficult to be processed”) for Abstract concepts were
selectively affected by performing a concurrent heart-beat detection task and a gum
chewing task, while the same difference was smaller in the other control conditions
involving other domains (i.e., no concurrent task, ball squeezing task, and articulatory
suppression task). These two tasks were related to interoception and activation of the
mouth system respectively, two domains that has been associated with the processing
of Abstract concepts (e.g., Borghi et al., 2019). In fact, besides the role of interoception
in grounding Abstract concepts that has already been mentioned, the involvement of
the motor articulation of mouth in Abstract concept processing is consistent with some
theoretical positions (as the aforementioned WAT proposal) and empirical evidence
(Ghio et al., 2013; Mazzuca et al., 2018; Dreyer and Pulvermidiller, 2018; Reggin et al.,
2021).

15



Even though interoceptive, affective, and social experiences have been reported
to be specifically involved in the representation of Abstract concepts, other kind of
modality-specific features are involved in their processing; in the same way that
interoceptive, affective, social experiences are to some extent involved in the
representation of Concrete concepts (see Connell et al., 2018; Cuccio and Caruana,

2019).

Involvement of the motor system during processing of Abstract concepts has
been posited in a seminal paper by Gallese and Lakoff (2005), and then observed in
different studies adopting neuroimaging and lesion mapping techniques (Glenberg et
al., 2008; Moseley et al., 2012; Dreyer et al., 2015; Vukovic et al., 2017; Dreyer and
Pulvermidiller, 2018). Activation of modal areas are not limited to motor and premotor
regions, but also some evidence for activation of sensorial regions has been found. For
example, different studies showed that the visual system is involved in representation
of Abstract concepts. In this regard, a study by Harpaintner and colleagues showed
that motor and visual components of different types of Abstract concepts elicited
modality-specific pattern of activation in fMRI according to the presence of visual or
motor features in their conceptual structure (Harpaintner et al., 2020). Abstract and
Concrete concepts have been furtherly observed to recruit similar temporo-fronto-
parietal circuits recruited during actual interaction with their referents (Del Maschio,
2021). Moreover, the greater involvement of the Broca’s area during Abstract concepts
processing has also been related to the integration of different complex motor
representations of different effectors (Del Maschio, 2021). However, despite semantic
meanings are thought to involve multimodal representation for all kind of concepts,
it is important to stress that interoceptive, emotional and linguistic features are
thought to be prominently important for processing Abstract concepts, while
exteroceptive sensorimotor components are thought to be more prominently retrieved

during Concrete concepts processing.
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1.7. Electrophysiological correlates of Abstract and Concrete

concepts

The gathering of all the information necessary to retrieve a meaning from long
term semantic memory is thought to underlie the manifestation of specific
electrophysiological correlates during word processing. Studies adopting
electrophysiological recordings with electroencephalography (EEG) showed some
differences in the processing of Abstract and Concrete concepts that could be related
to the amount of information that needs to be integrated to process their meanings.
The N400 is a negative event related potential that arise at around 400 milliseconds
after stimulus onset and it has been primarily observed to be elicited by violation of
semantic relatedness in semantic priming paradigm (e.g., coffee-tea would elicit lower
N400 than coffee-sofa) or contextual fit in sentence comprehension (e.g., “I like coffee
with sugar” would elicit lower N400 than “I like coffee with shoes”) (Kutas and
Hillyard, 1980; Brown and Hagoort, 1993; for a review see Kutas and Federmeier,
2011). Noteworthy, the modulation of N400 has been observed not only at a local
prime-target level but it has also been observed in wider expanded context composed
by multiple sentences, suggesting that the referential context that generates the N400
could be much wider than the single prime-target particle as previously expected (van

Berkum et al., 2003).

Different experimental paradigms designed to explore the functional role of such
event-related component showed that it is modulated by different paradigm of word
processing ranging from semantic priming to multimodal coupling and it seems to be
involved in different both top-down and bottom-up mechanisms of language
processing (for a review see Kutas and Federmeier, 2011). Different interpretations
have been provided for what concerns the N400 amplitude in relation to words
processing. First, the N400 effect has been associated with greater activation of lexical-

semantic networks reflecting integration of semantic features of the target word with
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the context in a stage that follows lexical access (Kounios and Holcomb, 1994; Brown
and Hagoort, 1993). A counter interpretation suggests that greater N400 reflect
facilitated lexical access, relegating the integration of semantic information as a
secondary process (Lau et al., 2008). Another interpretation conceptualized the N400
as a reflection of retrieval and integration of semantic information from long-term
memory (Kutas and Federmeier, 2000; Chwilla and Kolk, 2005; Barber et al., 2013).
Crucially, this latter view allows interpretation of the N400 at the single-word level
suggesting that its amplitude would be proportioned to the amount of semantic
information required to process single words meaning, which include also

multimodal and sensorimotor components.

Relevant in this context is the fact that Abstract concepts have been consistently
reported to elicit lower N400 (i.e., less negative) than Concrete concepts (Kounios and
Holcomb, 1994; Barber et al., 2013; Bechtold et al., 2018; Winsler et al., 2018). This N400
concreteness effect has been interpreted as the result of greater sensorimotor
information necessary to process meanings of Concrete concepts. The N400 related to
concreteness is also thought to be different from the N400 observed in semantic
violation studies because of its topographic distribution, which is more frontocentral
(rather than centroparietal), and it has been observed to have a longer duration
exceeding the typical N400 time-windows (West and Holcomb, 2000; Lee and
Federmeier, 2008; Huang et al., 2010). Another component that showed a differential
amplitude in relation to concreteness of target words was the N700, a negative
deflection arising at approximately 700 milliseconds from stimulus onset (West and
Holcomb, 2000; Adorni and Proverbio, 2012; Barber et al., 2013; Bechtold et al., 2018).
The N700 has been found to be greater in processing Concrete concepts compared to
Abstract concepts and it is thought to reflect mental imagery processes or a top-down
semantic processing involving working memory at a post-lexical stage (Adorni and
Proverbio, 2012; Gullick et al., 2013). Barber and colleagues (2013) reported greater

N400 and N700 for Concrete over Abstract concepts even when Imageability and
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Context Availability were controlled, thus suggesting that the greater integration of
multimodal sensorimotor features would underlie their amplitude irrespectively for
how easy it is to imagine the target concept or recall an associated context. Their
conclusion is that Concrete concepts would easily reactivate sensorimotor features in
paradigm adopting single-word processing under time pressure, while Abstract
concepts seem to require the retrieval of more complex situational, linguistic, and
emotional associations to be processed in their full multimodal componential profile.
Interestingly, they also observed a facilitatory behavioral effect for Abstract over
Concrete concepts that was dissociated from the electrophysiological effects observed
in event-related potentials. This could reflect the fact that in some tasks a shallow
language processing could facilitate the processing of Abstract over Concrete ones
because of their greater amount of superficial lexical associations (Andrews et al.,

2009; Connell, 2019).

In sum, different electrophysiological correlates of words processing have been
observed to subtend the retrieval of multimodal semantic components of Abstract and
Concrete concepts at different stages. Generally, these components were found to be
larger for Concrete concepts over Abstract ones. This N400/N700 concreteness effect
is thought to be determined by the greater availability of exteroceptive sensorimotor
information underlying Concrete concepts. However, further exploration on the
impact of contextual cues and task requirements on electrophysiological correlates of
words processing could shed new light on the mechanisms involved in processing

different types of concepts.

1.8. Divide and conquer: deconstructing the Abstract concepts

category

An important issue that flawed the research on Abstract concepts is that most of
the studies exploring their semantic components considered them as a monolithic and

undivided entity. On the other hand, research programs on Concrete concepts have
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previously recognized the importance of dividing this macro category in smaller
subtypes, for example differentiating living from non-living entities, artifacts, and
food (Warrington and Shallice, 1984; Humphreys and Forde, 2001). This was
problematic because the study of Abstract concepts as a whole category could have
masked inherent semantic variability between those concepts belonging to the
abstract macro-category. The earliest distinction within the Abstract concepts” domain
was the recognition of emotional concepts as a particular subtype (Altarriba et al.,
1999; Kousta et al., 2009). However, first, this was still a coarse distinction because
different subcategories could be observed within the broad cluster of emotional
concepts and, secondly, this still left room for discussion about subtypes for all the
other non-emotional abstract concepts. Recently, some studies explored the internal
structure of the Abstract concepts macro-category providing subdivision based on
different criteria, like the categorization of properties associated with concepts (e.g.,
Harpaintner et al., 2018), cognitive dimensions (Troche et al., 2017), or a mix of

psycholinguistic, cognitive, and experiential variables (e.g., Villani et al., 2019).

Harpaintner and colleagues (2018) collected relevant properties used to describe
semantic meanings for 296 Abstract concepts through a feature-listing task.
Participants had to generate words describing properties for each target concept. Each
property was then categorized as belonging to a specific domain (i.e., internal
state/emotions, social constellation, sensorimotor feature, or verbal association).
Hierarchical clustering analysis on such domain-specific categories identified
different kinds of Abstract concepts showing that heterogeneous subtypes of concepts
can be defined by their multidimensional profiles. Specifically, they identified three
clusters: the first was characterized by a prominent role of sensorimotor features; the
second was mostly characterized by internal state/emotions features; and the third one
was characterized by high verbal associations. Similar results showing strong
connection of different Abstract concepts with emotions, internal states, social

cognition, and mental states have been observed also by Troche and colleagues (2017).
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To date, the most extensive study aimed at exploring subtypes within the
domain of Abstract concepts was conducted by Villani and colleagues (2019). A total
of 425 Abstract concepts were rated on 15 dimensions ranging from Perceptual
Strength ratings, to Imageability, Concreteness, Social, Metacognitive, Affective
experiences, and other dimensions. Their results not only mirrored the results
obtained in other studies (like Hairpaintner et al., 2018) suggesting that using the
distinction between Abstract and Concrete concepts cannot be reduced to a single
dimension, but also showed that different kinds of Abstract concepts exhibit specific
multidimensional profiles. Specifically, they identified four subtypes of Abstract
concepts: Emotional and Mental States concepts; Philosophical and Spiritual concepts;

Social and Self concepts; Physical Spatiotemporal and Quantities concepts.

The endeavour of identifying varieties of Abstract concept is complex because
the experiences that underlie their semantic features have been observed to exhibit
greater inter-subject variability compared to Concrete concepts (Barsalou and
Wiemer-Hastings, 2005; Muraki et al., 2022). However, a recent meta-analysis (Conca
et al., 2021) examined results from 40 studies and showed that four subkinds of
Abstract concepts are often identified on the basis of their distinctive dimensions,
namely numerical, affective, social, and mental states/cognitive concepts (see also

Desai et al., 2018).

Summarizing this roundup about the experiential components involved in
representing Abstract concepts under the lens of Embodied Cognition, a good
agreement in identifying social, introspective, and affective experiences playing a
pivotal role in embodying different abstract intangible concepts in bodily perception
have been observed in literature. This embodiment is more likely to be mediated by
the perceptual system that collects information from the internal bodily environment,
namely the interoceptive system. In the following chapter, I will review why this
perceptual modality is so important and what’s its role as an interface linking the

processing of bodily, affective, and social experiences.
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1.9. The body as a source of information: interoception as an

experiential system

The term “interoception” is referred to the function that allows the gathering and
the processing of perceptual information coming from inside the body (Cameron,
2001; Craig, 2002). The term “interoception” is opposed to “exteroception” which
refers to the perceptual information coming from the outside of the body (e.g., the five
classical senses). Specifically, interoception refers to the perceptual information
gathered from the visceral organs, and it is thought to be particularly important in
subtending the perception of one’s own physiological internal state (Craig, 2014). This
important function has multiple implications for psychophysiological well-being as it
allows monitoring of internal states and the consequent satisfaction of physiological
needs, promoting evolutionarily advantaging behaviors or exacerbating

dysfunctional behaviors (Damasio and Carvalho, 2013; Pinna and Edwards, 2020).

Sensations coming from the autonomic nervous system which innervates
visceral organs reach the brain in the basal and posterior portions of the ventral medial
nucleus and then are projected to the insular cortex and the cingulate motor cortex
(Craig, 2014). These two target regions in the brain subtend two different aspects of
interoceptive processing, with the first being involved in the processing of sensorial
and awareness aspects of bodily homeostatic control, and the latter being involved in
processing of motivational aspects and the coordination of the response mediating
between internal (e.g., physiological needs) and external (e.g., resource availability)
environmental states (Medford and Chritchley, 2010; Strigo and Craig, 2016). For this
reason, the insular cortex, especially the portion that receive inputs from the thalamus
(i.e., the dorsal posterior insular cortex) is also called “primary interoceptive cortex”,
mirroring the name and the role of primary sensory cortices involved in exteroception
(Nieuwenhuys, 2012; Wilson-Mendenhall et al., 2019). The viscero-thalamo-cortical

pathway involving insular cortex is particularly developed in humans, and it supports
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the processing of affective bodily feelings, pain, itch, muscle ache, bowel movements,
affective touch, as well as homeostatic information about hunger, thirst, “air hunger”,
and other physiological needs (Craig, 2009; 2014; Heimer and Van Hoesen, 2006).
Crucially, the regions involved in interoceptive processes have been observed to be
involved in the processing of emotional experiences (Damasio et al., 2000; Phan et al.,

2002; Adolfi et al., 2017).

The relationship between perception from visceral organs and emotional
experiences has been proposed by different authors throughout the ages (James, 1890;
Schandry, 1981; Damasio, 1994; Pollatos et al., 2005; Schachter and Singer, 1962; Davey
et al.,, 2023). In line with this view of emotions, experience of emotions would be
elicited by changes in the physiological state of the body. At the cerebral level, the
region that is thought to underlie the binding of interoceptive sensations (especially
cardiovascular, gastroenteric and respiratory signals) to emotional responses and
prosocial functions is the anterior insular cortex (Gogolla, 2017; Singer et al., 2009). In
fact, sensorial information coming from different districts of the body are integrated
in the insular cortex with the aim to build representations of the global subjective state
that are important in the identification and experience of adaptive emotional

responses (Critchley and Garfinkel, 2017).

Yet the study of the impact of interoceptive sensations in regulating emotional
and social experiences is not limited to the insular cortex. The interoceptive signals are
transmitted to the central nervous system from the periphery and viceversa through
afferent and efferent pathways. These pathways are divided into two main branches
of the autonomic nervous system, namely the sympathetic and the parasympathetic
systems. These two systems show complementary functionality, with the first system
mediating the so-called “fight or flight” responses and the latter mediating the “rest
and digest” responses (Shimizu and Okabe, 2007; McCarty, 2016). Of particular
interest in the context of emotion regulation and social interaction is the

parasympathetic system and one of its main pathways, the vagus nerve (Porges, 2003).
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Its involvement in social interactions and emotion regulation, with deep implications
for psychophysical well-being, was posited by the Polyvagal theory (Porges, 2001;
Porges, 2009). The polyvagal theory provided a neurophysiological phylogenetically
defined perspective on the role of the mammalians” parasympathetic system in social
behaviors and affective regulations. Such a system would work as a modulator of
visceral states with the aim to promote calmness, feelings of safety, and self-soothing
behaviors (Porges, 2022; Hastings and Miller, 2014). This regulatory function is
achieved through the modulatory activity exerted by two subbranches of the vagal
system (from which the name poly-vagal theory was crafted) (Porges, 2001). The
combined action of the ventral and dorsal vagal subsystems allows the regulation of
bodily arousal during social engagement, thus providing a mechanism for the
regulation of emotional responses in interacting agents. According to the polyvagal
theory, our peripheral nervous system evolved to provide us the tools to regulate our
own physiological and emotional experiences and, through the regulation of facial
expression, vocal interactions, respiration, and more broadly, the supradiaphragmatic
social interface system, help regulating our behavior and others through social
interactions. In line with this view, different studies found a relationship between
measures of interoceptive accuracy and empathic behaviors (Ernst et al., 2013;

Grynberg and Pollatos, 2015; Shah et al., 2017; Raimo et al., 2022).

In conclusion, the implication of the interoceptive system from peripheral
pathways to cerebral regions, in emotion experience and regulation has been
extensively explored and reported in literature. Interoceptive function of collecting
sensorial information from the peripheral visceral organs is comparable to the
function exerted by exteroceptive modalities and it provides an experiential basis for
emotionally relevant events (Nieuwenhuys, 2012) and allows the integration of bodily
experiences in coherent situated representation of events (Wilson-Mendenhall et al.,
2019). Of particular interest in this context is the fact that the intensity of emotional

experiences (arousal) has often been reported to be positively related to interoceptive
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awareness (Barret et al., 2004; Dunn et al., 2010; Pollatos et al., 2005; Mishra et al., 2022).
Crucially, emotional experiences and interoception were observed to contribute
together to the retrieval of autobiographical memories (Matsumoto et al., 2022),
emotional memories (Pfeifer et al., 2017), as well as being implicated for prospective
memory (Umeda et al.,, 2016). Thus, a link between retrieval of subjective experiences
and their bodily/emotional features has been observed to be grounded in

interoception.

Following this line of research, a recent theoretical proposal suggested that
cognition is in fact synergetic with bodily and affective states and that their interaction
is mediated by both exteroceptive and interoceptive components (Zhou et al., 2021).
This framework stemmed from the idea that emotional experiences are constructed
from the interaction of three terms: the subjective interpretation of internal bodily
states, their contextualization with external triggers, and the association of a
meaningful linguistic label to past related experiences (Barret, 2006; 2017; Lindquist et
al., 2016; Brooks et al., 2017). In this view, the term “affective state” refers to internal
states that allow the evaluation of objects or events as good or bad and activates
behaviors of approach or avoidance. On the other hand, the term “emotion” refers to
the meaning assigned to each affective state in a specific cultural system (Lindquist et
al., 2016). Zhou and colleagues (2021) enlarged this view suggesting that differences
in conceptualizing emotions across cultures would be defined by two concepts,
namely bodily transparency, and cognitive granularity. The concept of transparency
describes how much an emotion-laden word in a specific language refers directly to
bodily sensations, the concept of granularity refers to how much emotion-laden words
are specific in describing particular emotional experiences. The interaction of these
levels of emotional description would explain how bodily-related linguistic labels
used to describe affective states would interact with cognitive related language in

determining emotional experiences.
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Considering the putative role of experiences in providing components of
semantic knowledge, we conclude that the processing of concepts carrying emotional
values and referring to social interactions could rely on the reactivation of the
sensorimotor brain regions and peripheral districts associated with socio-affective
processes. In turn, this would promote the involvement of insular, cingulate, and
parasympathetic branches of autonomous nervous system, which are related to
experiences in the social and emotional domains, in the embodiment of Abstract

concepts in bodily experiences.
1.10. The studies in the current project

Considering all the evidence reported in literature and the idea of conceptual
processing as a process that involves bodily states more than was previously thought,
we implemented two experiments to explore the impact of bodily states in words
comprehension. In these experiments, Interoception was the main modality of interest

in the exploration of how concepts relate to the body.

The first experiment was designed to address whether interoceptive experiences
in relation to Abstract concepts was robust across different languages, in comparison
to other modalities. In our hypothesis, Abstract concepts would be mostly
characterized by Interoception while Concrete concepts would be mostly
characterized by exteroceptive modalities. In addition, we hypothesized that the
Interoception ratings for concepts would show a positive correlation with measures
of bodily sensitivity and empathy. We expected to find similar patterns across
languages, especially for what concern the perceptual strength ratings and the
connection with bodily sensitivity. We adopted the Perceptual Strength ratings to
address the importance of perceptual modalities, with a specific focus on
interoception, in the embodiment of Abstract concepts and its relationship with higher

order functions like bodily awareness and empathy. In literature, very few attempts
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were made to directly address these connections and no studies we are aware of

explored similarities and differences between different languages.

There are approximatively ~6500 different languages all over the world
(Hammarstrom, 2016). It is interesting that similar perceptual, bodily, social, and
emotional experiences can be described in each of the existing different language, with
every language having its own grammatical, syntactical, and phonological set of rules.
In other terms, individuals possess different bodies and use different languages to

represent similar concepts.

The importance of subjectivity in experiencing different events in different ways
have been has brought forth in the introduction of the current thesis, in particular
when discussing the processing of Abstract concepts and the perceptual experience
underlying emotionally laden concepts in interoception (section 1.9.). The use of
linguistic labels that differ from language to language can possibly guide some of
these subjective differences and allow the emergence of language-specific patterns of
perceptual experiences despite referring to the very same concept (Kemmerer, 2019).
Thus, the exploration of cross-linguistic differences is one of the most important steps
in promoting our understanding of how language is universally structured, without
the bias of focusing solely on western languages (for a discussion on the topic see
Henrich et al., 2010). For these reasons, we collected data from Italian, Hebrew, and

English native speakers using the same procedures and items.

The second experiment was designed to explore the electrophysiological
correlates of spoken words processing in different environmental conditions,
comparing the effects elicited by rooms with different structure and light conditions,
which may lead to differential effect in internal experiences in general and, more
specifically, interoception perceptions. To this aim we compared a squared white
room and a sensory deprivation room aimed at fostering relaxation and promoting
deployment of attention towards internal states (e.g., increased saliency of
interoception or metacognitive processes) at the expense of exteroception. We
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hypothesized that focusing on internal states would affect the electrophysiological
correlates of processing Concrete and Abstract concepts, amplifying the correlates
related to the gathering of information for Abstract concepts and reducing Concrete
ones. Specifically, we expected to find enhanced N400 and N700 components related
to Abstract concepts in the sensory deprivation room compared to the white room.
Further, we hypothesized that such enhancement would positively correlate with

measures of vagal tone.
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2. Experiment 1: A cross-linguistic study on
perceptual components of concepts and the role of

interoception in embodying meanings

2.1. Introduction

2.1.1. Abstract and Concrete concepts rely differently on bodily
sensations

To shortly recap the main themes discussed in the introduction, Embodied
Theories of Language posit that during the processing of word meaning we recall the
sensorimotor experiences that occurred during the interaction with the referent of the
said word (Barsalou, 2008; Meteyard et al., 2012; Kiefer and Barsalou, 2013). For
example, while processing the meaning of the word “tree” we retrieve those
sensorimotor features that characterize our experiences with trees, like for example
visual components related to color and shape of trees we encountered in our life.
According to this view, modality-specific information is retrieved during the
processing of words meaning (Barsalou et al., 2003; Kiefer and Pulvermuller, 2012).
The sensorial information retrieved for the processing of Concrete concepts (i.e., those
concepts that can be perceived through senses, like touch or vision) are identifiable in
the sensorial channels conveying information from outside our body (namely
exteroception). On the other side, some studies showed that processing Abstract
concepts involves the retrieval of experiential features related to bodily sensations and
affective experiences (Kousta et al., 2011; Connell et al., 2018; Villani et al., 2021). Both
bodily sensations and affective experiences have been related to the activation of the
interoceptive system (Barrett et al., 2004; Damasio and Carvalho, 2013; Terasawa et al.,
2013; Wiens, 2005), which is the system involved in sensing the physiological state of

internal organs (Craig, 2003).
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Exploration of such experiential features can be studied using Perceptual
Strength ratings (Lynott and Connell, 2013; Lynott et al., 2020). Briefly, Perceptual
Strength ratings are based on the extent to which a concept can be experienced
through senses. For example, the concept “guitar” would probably be rated with high
ratings in auditory modality and low ratings in the gustatory modality, while “steak”
would obtain low ratings in the auditory modality and high ratings in the gustatory
modality. With the addition of Interoception among the modalities allowed to better
define not only all types of conceptual representations in a more thorough way but
also allowed to better define the perceptual contents of Abstract concepts (Lynott et
al., 2020; Connell et al., 2018). In fact, Abstract concepts have been observed to have
greater ratings in Interoception compared to Concrete concepts and the exploration of
Abstract concepts” semantic profile greatly benefitted from such observation (Connell
et al., 2018; see also Binder et al., 2016). In fact, the renewed attention to experiential
profiles of Abstract concepts recently led to a better characterization of their internal
dimensions. The exploration of experiential features of concepts showed that Abstract
concepts are not a unitary group, but they are rather composed by different subtypes
of concepts. Classifications proposed on the basis of property association (Harpaintner
et al, 2018), cognitive dimensions (Troche et al., 2017), different experiential
dimensions (Villani et al., 2019), or even cerebral correlates observed in an adaptation
study using fMRI (Conca et al., 2021), suggested the existence of different kinds of
Abstract Concepts. Despite using different methodologies and different kinds of data,
these studies showed that Abstract concepts can be divided in subtypes that range
from concepts mostly detached from sensorimotor information (e.g., philosophical
concepts like “utopia” or “freedom”), to concepts rooted in emotional or cognitive
experiences (e.g., like “attention” or “thinking”), to concepts that are more grounded
in sensorimotor or spatiotemporal frames (e.g., mathematical concepts like
“subtraction” or concepts derived from physics like “acceleration”). However, no
study we are aware of addressed whether Perceptual Strength ratings alone would be
informative enough to provide a fine-grained categorization of concepts that goes
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beyond the Concrete/Abstract dichotomy. In order to do so, we need to address the
importance of bodily information in processing Abstract and Concrete concepts

through interoception.

2.1.2. Exploration of Interoception as an interface between bodily

states and social interactions

Interoception is an important function as it gathers and integrates physiological
information from the periphery of the nervous system in a coherent representation of
bodily sensations that provides stability to the organism (Bernston et al., 1993; Craig,
2009). Moreover, the view that Interoception has implications for emotional
regulation, wellbeing and social interactions gained more and more interests (Tsakiris
and Critchley, 2016; Fotopoulou and Tsakiris, 2017; Khalsa et al., 2018). For example,
ability in interoceptive accuracy tasks have been associated with increased empathy
(Grynberg and Pollatos, 2015; Mul et al., 2018; Shah et al., 2017; Raimo et al., 2022) or
with the engagement of the neural mechanisms associated with empathy (Fukushima
et al., 2011; Ernst et al., 2016; Adolfi et al., 2017). Also, as explored in the general
introduction, interoception is tightly connected with emotional experiences. The idea
that links bodily perception, social interaction, and emotional experience is that the
better we can recognize and process our internal states, the better we can correctly
infer affective states from others (Terasawa et al., 2014; Ondobaka et al., 2017; Palmer
and Tsakiris, 2018). This process involves the integration of our own emotional
experiences and their physiological interoceptive correlates in coherent
representations of our internal states that are in turn used to predict and infer others’
emotional states during social interactions (Seth, 2013; Fotopoulou and Tsakiris, 2017;
Ondobaka et al., 2017). These recent advancements are in accordance with the
polyvagal theory (Porges, 2011; 2022), according to which the regulation of the
parasympathetic branch of the autonomic nervous system which innervates visceral

organs has an important role in regulating the sense of safety and trust in others. So,
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a tuned perception of bodily feedback would regulate our engagement in social

behaviors (Hastings and Miller, 2014).

According to Garfinkel and colleagues (2015) it is possible to identify three
distinct dimensions of interoception: accuracy, awareness, and sensibility.
Interoceptive accuracy refers to the objective performance in correctly detecting
interoceptive sensations (e.g., heart-beat detection task); interoceptive awareness
refers to the metacognitive process subtending the ability to correctly evaluate one’s
own accuracy in perceiving interoceptive states (e.g., testing the relationship between
the actual interoceptive accuracy performance and the subjective awareness of it);
interoceptive sensibility refers to the self-evaluation of one’s own interoceptive
functions collected through questionnaires or confidence ratings (e.g., the Body

Perception Questionnaire; Porges, 1993).

Importantly, the autonomic nervous system and other cerebral districts
associated with interoception and social engagement (e.g., insular cortex) are thought
to underlie an important prosocial skill: empathy (Siegel, 2010). One of the most
accepted definitions describes empathy as the emotional response mirroring others’
emotional and mental states through perspective taking (Cuff et al., 2016). As
discussed in the general introduction (see chapter 1.9), being able to perceive one’s
own internal state embodied in interoception is thought to play a role in
understanding others emotional states (e.g., Grynberg and Pollatos, 2015) and the
ability to take others’ perspective (Heydrich et al.,, 2021). Crucially, both bodily
awareness and empathy have been found to be modulated by culture (Ma-Kellams,
2014; Chentsova-Dutton and Dzokoto, 2014; Hollan et al., 2012; Cassels et al., 2010). In
fact, different studies in the embodied cognition framework suggest that culture
shapes our sensorimotor experiences through the adoption of culture-specific habits
that define how we interact with others and how we regulate our own emotional and

bodily responses during social interactions (Leung et al., 2011; Kwon et al., 2021).
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2.1.3. Experimental hypotheses

In the current study, we further suggest that some insight from the relationship
between bodily perception and prosocial behavior could come from the exploration
of the embodiment of concepts. In fact, we hypothesize that the more one is able to
embody the meaning of words in interoception, the more it would show greater
awareness of its own bodily reactions and greater empathy levels. This would provide
further evidence for the connection between these different domains. However, it is
also important to recognize that the social and affective experiences could differ in

accordance with the social rules and habits of the environment in which they are

established.

In fact, the cultural and social milieu in which we are embedded are thought to
shape how we interact and express emotions in social environments (Ibanez et al.,
2022; Zhou et al., 2021). In fact, humans live and engage in social interaction in real
contexts that have culturally defined rules and habits that affect our representation of
the world (Kwon et al., 2021). The only study that explored the differences in the extent
to which perceptual strength ratings could predict RTs in lexical decision tasks
between two languages was proposed by Vergallito and colleagues (2020).
Specifically, running the same analysis on two datasets related to Italian and English
words respectively, they found Imageability being the best predictor of RTs in the
Italian sample, whereas Minkowski distance, followed by Maximum Perceptual
Strength, revealed to be the best predictors in the English sample, partially replicating
what was observed by Connell and Lynott (2012) and Lynott and colleagues (2020).
To date, Perceptual Strength ratings have been collected for different languages
(Italian: Repetto et al., 2022; Dutch: Speed and Brysbaert, 2021; French: Miceli et al.,
2021). However, to the best of our knowledge, no systematic attempts aimed at
comparing perceptual profiles of concepts across different languages are reported in

literature.
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For this reason, we decided to explore cross-linguistic differences comparing
Italian, Hebrew, and English native speakers on: 1) Perceptual Strength ratings in six
perceptual modalities; 2) correlations between perceptual modalities and the effect of
each modality in determining the Abstractness/Concreteness ratings; 3) correlations
of interoceptive strength ratings with bodily sensibility measures and with empathy
scores; 4) the importance of interoception in characterizing and distinguishing
Abstract and Concrete concepts; and 5) perform a data-driven examination of distinct
subtypes beyond the Abstract/Concrete concepts dichotomy based on their perceptual

profiles.

We hypothesize that interoception would characterize Abstract concepts more
than Concrete ones and that exteroceptive modality (especially Vision and Touch)
would characterize Concrete concepts more than Abstract ones. Additionally, we
hypothesized that the perceptual strength ratings of concepts would not show strong
differences across languages both in their absolute values and in the importance of
each modality in providing a correct categorization of concepts. However, we also
hypothesize that a positive correlation of Perceptual Strength ratings for Interoception
with bodily sensitivity measures and empathy could show some cross-linguistic

differences because of their culture-dependent nature.

2.2. Materials and methods

2.2.1. Participants

A total of 632 participants filled in the online survey. After a first data check,
different participants (N = 8) were excluded because their data showed patterns which
reflected unlikely natural responses (e.g., providing maximum or minimum scores for
all the questionnaires). Of the final 624 participants that were included in the analysis,
208 were Italian native speakers (mean age = 38.7, SD = 15.2, Males/Females = 56/152),
208 were Hebrew native speakers (mean age =33.7, SD = 15.2, Males/Females =40/168),

and 208 were English native speakers (mean age = 33, SD = 16.4, Males/Females =

34



47/161). All participants signed an informed consent, and their data were treated
according to the GDPR regulation for privacy. Other studies that adopted the
Perceptual Strength ratings with a large set of words subdivided in the whole set of
words in smaller lists and had each item rated by approximatively 20 participants
(e.g., Lynott et al., 2020; Repetto et al., 2022). Especially one of the seminal papers in
which this questionnaire was adopted (Lynott et al., 2020) had an average of 18
participants rating each item (min = 10 max = 74). In the current study, the average of

participants that rated each item in each language is 52 (min =42, max = 63).

2.2.2. Materials

The data collection was implemented as an online survey composed by a
questionnaire on bodily awareness (i.e., the Body Perception Questionnaire), a
questionnaire on empathy (i.e., the Empathy Quotient), and a set of questions aimed
at collecting information about the perceptual components of concepts (i.e., Perceptual

Strength ratings and Abstractness/Concreteness ratings).

The Body Perception Questionnaire (BPQ) is a self-report measurement of
awareness and reactivity in respect to sensations coming from inside the body (Porges,
1993) and is based on the polyvagal theory (Porges, 2011). It is considered a measure
of interoceptive sensitivity. In detail, it is composed by three different scales: one is
designed to explore the awareness of one’s own bodily functions (BPQ-I), while the
other two scales measure the reactivity to the bodily functions related to the organs
located above and below the diaphragm, respectively named the supradiaphragmatic
(BPQ-II Supra) and the subdiaphragmatic (BPQ-II Sub) reactivity scales. We adopted
the BPQ-I subscale of awareness in its short form (Cabrera et al., 2019) as a measure
for interoceptive sensibility. The BPQ-I is composed of 26 items, the BPQ-II Supra is
composed of 15 items and the BPQ-II Sub is composed by 6 items. The validated Italian
translation was adopted in the current study (Cerritelli et al., 2021). The Hebrew
version was kindly provided by Tali Sahar and it’s currently under validation

(unpublished translation).
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Empathy Quotient (EQ) is a questionnaire designed to assess the cognitive and
emotional aspects of empathy and provide a self-report measure for empathic
behaviors. The EQ is based on the Empathizing-Systemizing theory of empathy from
Baron-Cohen (2002; Greenberg et al, 2018) and it is designed to address the
empathizing component of social behavior. In the current study, we adopted the
Empathy Quotient in its short form, composed of 22 items (Wakabayashi et al., 2016).
For the Italian sample, the validated translation was provided by Antonio Preti (Preti
et al., 2011), while the Hebrew version was provided by Revital Naor-Ziv

(unpublished translation).

The perceptual components of concepts were collected using the perceptual
Strength ratings proposed by Lynott and colleagues (Lynott and Connell, 2013; Lynott
et al.,, 2020). In this questionnaire, participants had to rate each target concept for how
much they can experience it through different perceptual modalities. The original
version of the questionnaire included the classical five modalities, namely Vision,
Hearing, Smell, Taste, and Touch. More recent versions included also Interoception,
operationalized as “sensations coming from inside the body” (Lynott et al., 2020).
Perceptual Strength ratings were collected on a 1-to-5 scale with the two poles labeled
as “not at all” and “greatly”. The full original questionnaire also included ratings of
body parts associated with each concept but in the current study we decided to focus
on perceptual components only. The distinction between abstract and concrete
concepts can be expressed as a graded continuum rather than a dichotomic distinction
(Wiemer-Hastings et al., 2001; Wiemer-Hastings and Xu, 2005). For this reason, each
participant was furtherly asked to rate each concept for how much they think of it as
an abstract or a concrete concept adopting a 1-to-5 scale, with “abstract” and

“concrete” as the two opposed poles (Brysbaert et al., 2014).

A total of 80 words describing 40 abstract and 40 concrete concepts were selected
for the perceptual strength rating task. Items were selected among different databases

in Italian, English and Hebrew (Villani et al., 2019; Brysbaert et al., 2014; Levy-Drori
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& Henik, 2006). For the 40 concrete concepts, words which were present in all the
databases of interest in the three languages (i.e., Italian, English and Hebrew) were
included. We selected three main subcategories of concrete words classically used in
literature: animals, food, and manipulable tools (see for example Carota et al., 2012).
Moreover, a fourth subcategory of natural objects was included to evaluate ratings for
non-living and non-artificial concrete objects. Each subcategory was composed of 10
items. Since the databases used three different scale ranges for Concreteness ratings,
we transformed the ratings in z-scores within each dataset. Then, we built a cross-
language index of concreteness by averaging the z-scores. Finally, we selected the
items that obtained the highest averages z-scores in all three databases. The rationale
of this operation was to create a list of words characterized by high level of
concreteness in all languages of interests adopting the most objective possible
criterion. Unfortunately, the Food category didn’t reach the number of 10 words
because there were not enough food related words in the Italian database (N = 8). To
balance the number of words across lists, we selected two additional words that were
included at least in the English and Hebrew database showing comparable

Concreteness ratings (i.e., Cheese and Steak).

For the 40 abstract concepts, we collected words which were present in the Italian
and English databases. Even if the Hebrew database included some abstract words,
the number of these words were not sufficient to take in consideration the Hebrew
norms (Number of AC < 10). Unfortunately, no other database with Hebrew abstract
words was found in the literature. As for Concrete concepts, different subcategories
were taken in account for Abstract Concepts. Recent studies suggested that abstract
concepts can be divided in different categories according to their experiential features
(see Kiefer & Harpaintner, 2018; Villani et al., 2019). Thus, we decided to focus on four
categories of abstract concepts identified by Villani and colleagues (2019): Emotional
& Mental State concepts (EMS), Philosophical & Spiritual concepts (PS), Self & Social

concepts (SS) and Physical, Spatio-temporal & Quantitative concepts (PSQ). The
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selection of highly abstract words followed the same procedure adopted for concrete
words. We transformed Concreteness ratings in z-scores in the Italian and English
databases and averaged them to obtain a cross-linguistic index of Concreteness. Then,
the words with lowest averaged z-scores in each category were selected to obtain a list
of words describing abstract concepts across languages. Since the conceptual
questionnaire included a total of 80 words and that asking all participants to rate all
the concepts would be particularly demanding in terms of time and effort, the whole
set of words was divided in four lists each containing 20 words. Each list included 10

abstract and 10 concrete words selected across all categories (see Table 1).

Concrete Words Abstract Words
Animals Food Natural Tools fdft?ttai;)g:;t&ets Plgzilsoli?rli)thl::f : Spalt)il(l)}t,es:l;loral So;iallf &
& Quantity
Cat Steak  waterfall Pencil Hope Infinity Effect Curiosity
Horse Salad Snow Umbrella Justice Immortality Consequence Kindness
Dog Candy Paper Plate Peace Fate Subtraction Tact
Bird Butter Gold Violin Importance Utopia Acceleration Inspiration
Elephant Sugar Thorn Vase Idea Salvation Direction Contempt
Mosquito Cake Sunrise Pillow Tolerance Mediocrity Part Love
Mouse Wine Rain Bottle Conscience Honor Activity Nostalgia
Frog Cheese River Coin Optimism Logic Symbol Correctness
Cow Food  Waterfall Knife Doubt Inclination Space Attention
Shark Beverage  Metal Hammer Silence Awareness  Destination =~ Happiness

Table 1. Words included in the study divided by Type (Concrete and Abstract) and subtype. Subtypes for
Abstract concepts were chosen according to the formulation proposed by Villani and colleagues (2019).

2.2.3. Analysis

As a measure of internal consistency, inter-rater reliability was computed using
Cronbach’s alpha coefficient (Bland and Altman, 1997). This coefficient can range from
0 to 1, with 0 indicating inconsistencies between items and 1 indicating that scores for
each item are the same across participants. Cronbach’s alpha for each questionnaire
included in the current study were computed separately for each language. For what

concern the Perceptual Strength ratings, the alpha for each modality was computed
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separately for each list and then their coefficients were averaged across lists (a similar

approach can be found in Lynott et al., 2020).

Analysis of Perceptual Strength ratings were fitted using a cumulative link
mixed model (clImm). This method was adopted for two main reasons. The first is that
Cumulative Link Mixed Models have been recently suggested to be the best approach
to analyze ordinal ratings, as in our case (Taylor et al., 2022). Secondly, inclusion of
random effects addresses inter-subject variability in ratings (Baayen, 2004). So,
Perceptual Strength ratings were modeled using the clmm function of the ordinal
package (Christensen, 2015). The fixed factors were Modality (Vision vs Touch vs
Hearing vs Smell vs Taste vs Interoception), Type of concepts (Abstract vs Concrete),
Language (Italian vs Hebrew vs English), and their double and triple interactions.
Also, Age (as continuous covariate) and the Age x Language interaction were inserted
in the model to address the effect of the covariate across groups. The random effect
structure of each model was selected according to the maximal structure that assured
convergence (Barr et al., 2013). So, data were modeled using varying intercepts for
each word and participant, plus a varying slope by Modality for each participant. As
not all participants rated all the words examined in the study, it was not possible to
insert a varying slope by word for each participant. An additional model was fitted to
observe whether the Abstractness/Concreteness ratings were different for Type of
concepts (Abstract vs Concrete) and for Language (Italian vs Hebrew vs English). In
this case, the random structure that assured convergence avoiding overfitting
consisted in a varying intercept for each word and participant plus a varying slope for
type of concepts by participant. Both the general model on Perceptual Strength ratings
and the model on Abstractness/Concreteness were tested using analysis of deviance
with the likelihood-ratio chi-square test (x?) implemented in the Anova.clmm function
from the RVAideMemoire package (Herve, 2020). Bonferroni corrected post-hoc were
tested for each significant interaction using emmeans function from the emmeans

package (Lenth et al., 2019).
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Since we were further interested in assessing the contribution of each modality
in predicting Abstractness/Concreteness ratings, we computed a set of multiple linear
regression analyses. For each language, Abstractness/Concreteness was included as
the dependent variable while all perceptual modalities were included as predictor.
The Variance Inflation Factor (VIF) was computed on all predictors for each regression
to control for multicollinearity. Another set of multivariate analysis were computed
to address whether ratings for Interoception were associated with Empathy Quotient
scores and with the scores of the three subscales of the Body Perception Questionnaire,
namely Body Awareness, Bodily Reactivity above the diaphragm, and Bodily
Reactivity below the diaphragm. Each multivariate regression was computed
separately for the three languages. The pillai statistics for each multivariate regression

and the results of significant regressions are reported.

Since we were interested in exploring the importance of each perceptual
modality in determining the classification of concepts as abstract or concrete, we
employed a Random Forest classifier in order to assess whether the perceptual ratings
alone would be sufficient to provide a reliable discrimination between abstract and
concrete concepts and identify the modality that has a prominent importance in the
discrimination process. Random Forest is a learning method that allows the
classification of each single observation onto predefined categorical variables. We
used the six perceptual modalities to train the algorithm in distinguishing abstract and
concrete concepts. The permutation feature importance is an index describing the
decrease in accuracy of the classification when a single feature is shuffled, thus
representing an index of how much the accuracy of the model depends on each feature
(Breiman, 2001; Dries and Strobl, 2020). Permutation importance of each perceptual
modality was computed to identify the most important perceptual modalities for their
relevance in providing a correct classification as Abstract or Concrete concepts using
the permimp function from the permimp package. In addition, to measure the

performance of Random Forest classifiers in each language, we report the Out-Of-Bag
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estimation of error rate, indicating the percentage of errors in the classification, and
the area under the Receiver Operator Characteristic (ROC) curve, which is an

evaluation metric reflecting the accuracy of the classifier on a 0 to 1 scale (Hand, 2009).

Finally, to explore the perceptual composition of different subtypes of concepts
we ran a set of hierarchical clustering analyses for each language. This analysis was
designed to observe whether the perceptual ratings provided by participants could be
used to detect different subtypes of concepts and their distinctive perceptual profiles
(for similar approaches see Villani et al., 2018; Harpaintner et al., 2018). We adopted
the hcut function from the factoextra package. Euclidean distance was used to compute
the dissimilarity matrix as a measure of distance between items, as often done in
psycholinguistic studies (see Everitt et al., 2001). The Ward.D2 clustering method,
which minimizes within-group dispersion based on a sum-of-squares criterion (Ward,
1963; Murtagh and Legendre, 2014), was adopted. The number of clusters was
determined using the gap statistics which provides the best number of clusters
computing the total within intra-cluster variation across different clustering solutions
in comparison to a null reference distribution (Tibshirani et al., 2001). This approach
would maximize the compactness and discriminability of clusters. By clustering the
data separately for each language, we were not only able to explore the subdivision
within each language, but we could further compare the clustering solutions between
languages. We computed the Fawlked and Mallows index (1983) to compare the
hierarchical clustering solution across pairs of language. The Fowlkes-Mallows Index
(FM) is a measure of similarity that ranges from 0 to 1, with 0 meaning no similarity
and 1 as maximum similarity between clustering solutions. The FM index is
implemented in r in the FM_index function from the dendextend package. In order to
obtain a measure of significance, we computed the critical FM index under null
hypothesis and compared this value with the FM index obtained by comparing the
two models (with 99% confidence level, one-sided, and assuming normal asymptotic

distribution). The estimated FM index under the null hypothesis is computed through
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a random permutation of labels in the clustering solution and it indicates the
hypothesized value in case the two clustering solutions were not similar. Thus, the

rejection of the null hypothesis implies that the clustering solutions are not different.

2.3. Results

2.3.1. Inter-rater reliability

The inter-rater reliability for the questionnaires (EQ, BPQ-I, BPQ-II Supra, and
BPQ-II Sub) computed using Cronbach’s Alpha for each language showed overall a
good reliability (total average = .87), with coefficients ranging from .77 (BPQ-II Sub in

the Italian native speakers sample) to .95 (BPQ-I in the English native speakers sample;

see Table 2).
Language EQ BPQ-I BPQ-II Supra BPQ-II Sub
Italian 0.878 0.931 0.847 0.771
Hebrew 0.871 0.938 0.876 0.82
English 0.901 0.952 0911 0.809

Table 2. Inter-rater reliability for each of the adopted questionnaires in each language. EQ = Empathy Quotient,
BPQ-1 = Body Perception Questionnaire Bodily Awareness, BPQ-II Supra = Body Perception Questionnaire
Supradiaphragmatic Bodily Reactivity, BPQ-II Sub = Body Perception Questionnaire Subdiaphragmatic Bodily
Reactivity.

The inter-rater reliability regarding the Perceptual Strength ratings showed
overall good level of reliability for each modality within and between languages (all >
.75; see Table 3). The modality that showed the lowest overall alpha was Taste,
probably because the Taste ratings for non-food related concepts were more prone to

individual variability.

Language Vision Hearing Touch Taste Smell Interoception
Italian 0.802 0.847 0.786 0.79 0.844 0.884
Hebrew 0.852 0.842 0.804 0.757 0.778 0.821
English 0.886 0.897 0.891 0.775 0.855 0.888

Table 3. Inter-rater reliability alpha values for each modality in each language.
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2.3.2. Perceptual Strength ratings

In the analysis of Perceptual Strength Ratings, we observed significant main
effects of Modality [x2=1283.4; p <.001] and Language [x?*= 67.3; p <.001]. Moreover,
the Modality x Type [x*>=9029.7; p <.001], the Modality x Language [x*=73.2; p <.001],
and the Type x Language [x?>=165.3; p <.001] double interactions resulted significant.
Finally, the triple Modality x Type x Language interaction resulted significant [x>=
241.2; p < .001]. The Bonferroni corrected post-hoc analysis for the triple interaction
showed that Abstract concepts were rated with greater Interoception compared to
Concrete concepts in all languages (AC Ita = 3.97, CC Ita = 2.71, p < .001; AC Heb =
4.07, CC Heb =2.25, p <.001; AC Eng = 3.21, CC Eng =2.18, p <.001; see Figure 1 and
Table 4). On the contrary, Concrete concepts were rated with greater Vision, Touch,
and Smell compared to Abstract concepts in all languages (see Figure 2 & 3 and Table
4). Perceptual strength for Taste did not significantly differ between Abstract and
Concrete concepts in the Italian sample only (AC Ita 2.07= CC Ita = 2.58, p = .07), while
in the other languages resulted to be greater for Concrete compared to Abstract
concepts (see Figure 2 & 3 and Table 4). The perceptual strength ratings in the Hearing
modality resulted not different between Concrete and Abstract concepts in all
languages (AC Ita = 3.14, CC Ita = 3.24; AC Heb =2.86, CC Heb =2.83; AC Eng =2.71,
CCEng=2.92, all p=.99).

In addition, ratings for Abstract and Concrete concepts resulted significantly
different between languages (see Figure 2 and Table 4). More specifically, Italian
participants showed greater perceptual strength ratings for Concrete concepts in
Interoception, Touch, and Taste in comparison to Hebrew and English participants.
Concrete concepts showed no differences between languages for what concern the
Visual modality. Finally, Concrete concepts obtained greater ratings in the Hearing
modality in Italian sample in comparison with Hebrew only, while Hebrew showed
no differences with English. For what concern Abstract concepts, Italians showed

greater ratings in all modalities in comparison to English participants and in Vision,
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Taste, and Smell in comparison to Hebrew. Interestingly, English and Hebrew did not

differ in any of the modality for both Abstract and Concrete concepts, with the only

exception of Interoception ratings for concrete concepts in which both Italians and

Hebrew showed greater ratings compared to English participants.

To further test whether Sex and List (since the composition of each list was fixed)

could show some significant effects on the ratings, an additional linear model was

titted with both sex and list, as well as their interaction with language, as fixed effects.

This additional analysis showed that neither Sex, List, or their interaction with

language showed significant effects on ratings of abstract and concrete concepts (all p

> .26).
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Figure 2. Comparisons of Perceptual Strength Ratings for Concrete and Abstract concepts in each Language
(columns) and each Modality (rows). Bonferroni adjusted significance level: ***=p <.001
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Figure 3. Comparisons of Perceptual Strength Ratings between Languages for Concrete concepts (upper panels)
and Abstract concepts (lower panels) for each Modality (columns). Italians obtained greater scores in all
modalities compared to English participants (with the only exception for the Visual and Hearing ratings for
Concrete concepts) and to Hebrew participants in Interoception, Hearing, and Taste for what concern Concrete
concepts, and Vision, Taste, and Smell for Abstract concepts. Hebrew and English participants showed a
significant difference in Interoception for Abstract concepts while all the other comparisons were not significant.
Bonferroni adjusted significance levels: *=p <.05, **=p <.01; *p <.001.
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Language Modality Type Mean SE 95% CI
Concrete 2.71 0.1174 [2.48 2.94]
Interoception
Abstract 3.97 0.0956 [3.78 4.15]
Concrete 4.63 0.0471 [4.54 473 ]
Vision
Abstract 3.53 0.1157 [3.31 3.76 ]
) Concrete 3.24 0.118 [3.01 3.47]
Hearing
Abstract 3.14 0.1189 [2.91 3.37]
Italian
Concrete 4.13 0.0872 [3.96 4.3 ]
Touch
Abstract 2.47 0.1145 [2.24 2.69]
Concrete 2.58 0.112 [2.36 2.8]
Taste
Abstract 2.07 0.0947 [1.88 2.25]
Concrete 2.86 0.1166 [2.63 3.09]
Smell
Abstract 2.1 0.0978 [1.9 2.29]
Concrete 2.25 0.1057 [2.04 2.46 ]
Interoception
Abstract 4.07 0.0895 [3.9 4.25]
Concrete 4.66 0.0443 [4.57 4.75]
Vision
Abstract 3.05 0.1226 [2.8 3.29]
Concrete 2.83 0.1188 [2.6 3.06]
Hearing
Abstract 2.86 0.1188 [2.63 3.1]
Hebrew
Concrete 3.89 0.1001 [3.69 4.09]
Touch
Abstract 2.19 0.1047 [1.98 2.39]
Concrete 2.21 0.1014 [2.02 2.41]
Taste
Abstract 1.54 0.0604 [1.42 1.65]
Concrete 2.62 0.1137 [2.4 284]
Smell
Abstract 1.55 0.0628 [1.43 1.68]
Concrete 2.18 0.103 [1.98 2.38]
Interoception
Abstract 3.21 0.1183 [2.98 3.44 ]
Concrete 4.54 0.0562 [4.43 4.65]
Vision
Abstract 2.99 0.1231 [2.75 3.23 ]
Concrete 2.92 0.1193 [2.69 3.16 ]
Hearing
. Abstract 2.71 0.1176 [2.48 294 ]
English
Concrete 3.64 0.1099 [3.43 3.86]
Touch
Abstract 1.96 0.094 [1.78 2.15]
Concrete 2.25 0.1028 [2.05 2.45]
Taste
Abstract 1.52 0.0593 [1.41 1.64]
Concrete 247 0.1104 [2.25 2.69]
Smell
Abstract 1.57 0.0642 [1.44 1.69]

Table 4. Perceptual Strength ratings for Concrete and Abstract concepts for each language separately. SE =
standard error; CI = 95% confidence intervals.
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2.3.3. Perceptual modalities and Abstractness/Concreteness

A multiple regression was computed for each Language to predict
Abstractness/Concreteness ratings from ratings in each modality (i.e., Vision, Touch,
Hearing, Taste, Smell, and Interoception). A significant regression equation was
observed for each language: Italian [F(6,73) = 53.44, p <.001, R?=.81], Hebrew [F(6,73)
= 127.2, p < .001, R? = 91], and English [F(6,73) = 65.31, p < .001, R? = .84]. In all
languages, the Abstractness/Concreteness ratings were significantly predicted by
Vision (Italian 3 = .72, p <.001; Hebrew 3 = .69, p <.001; English $ = .78, p <), Touch
(Italian 3 = .33, p < .01; Hebrew 3 = .22, p < .01; English = .29, p < .01), and
Interoception (Italian 3 =-.53, p <.001; Hebrew 3 = -.54, p <.001; English $ =-.51, p <
.001), while Smell, Taste, and Hearing did not significantly predicted the dependent
variable (all > .19; see Figure 3). The Variance Inflation Factor was optimal for all the
regressors in each of the computed models (VIF < 5.0), showing the absence of

collinearity between regressors.
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Figure 4. Results of the multiple regression analysis having Abstractness/Concreteness (AbsConc in the graphs)
as dependent variable and perceptual modalities as regressors. Significant regressions are highlighted in darker
color. In all languages, AbsConc ratings were significantly predicted by Vision, Touch and Interoception.
Interoception showed a negative relation with AbsConc, while Vision and Touch showed a positive relationship.
Significance levels: **=p <.01, **=p < .001.
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2.3.4. Multivariate analysis on the impact of Interoceptive
ratings on Empathy and Bodily Sensitivity

The multivariate analysis on the Italian sample was significant [Pillai’s Trace =
.054, F(4,193) =2.71, p <.05]. Univariate F tests showed that Interoception ratings were
positively associated with Empathy Quotient scores [(3 = 1.57, t =2.09, F(1,196) = 4.39,
p <.05] and with Body Awareness subscale scores [3 =1.54, t =2.39, F(1,196) = 5.75, p
< .05], while Bodily Reactivity above and below the diaphragm were not associated

with Interoception (both p > .49; see Table 5).
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Figure 5. Significant correlation between Interoception ratings by Empathy Quotient (a) and Bodily Awareness
(b) resulted from the multiple regression analysis in the Italian native speakers sample. EQ = Empathy Quotient,

BPQ-I = Bodily Awareness.

The multivariate analysis on the Hebrew sample was significant [Pillai’s Trace =
.13, F(4,198) =7.95, p <.001]. Univariate F tests showed that Interoception ratings were
positively associated with Empathy Quotient scores [ =1.71, t = 2.16, F(1,201) = 4.68,
p < .05], with Body Awareness subscale scores [ = 2.80, t = 3.57, F(1,201) = 12.8, p <
.001], with Bodily Reactivity above the diaphragm [ = 3.00, t = 4.14, F(1,201) = 17.17,
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p <.001], and with Bodily Reactivity below the diaphragm [(3 =2.71, t = 3.25, F(1,201)
=10.6, p <.01] (see Table 5).
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Figure 6. Significant correlation between Interoception ratings by Empathy Quotient (a), Bodily Awareness (b),
Bodily reactivity in supradiaphragmatic organs (c), and Bodily reactivity in subdiaphragmatic organs (d) resulted
from the multiple regression analysis in the Hebrew native speakers sample. EQ = Empathy Quotient, BPQ-I =
Bodily Awareness, BPQ-II Supra = Bodily reactivity in supradiaphragmatic organs, BPQ-II Sub = Bodily
reactivity in subdiaphragmatic organs.

The multivariate analysis on the English sample was significant [Pillai’s Trace =
.051, F(4,199) =2.67, p <.05]. Univariate F tests showed that Interoception ratings were
positively associated with Body Awareness subscale scores [ =1.78, t =2.17, F(1,202)
= 4.73, p < .05] and with Bodily Reactivity below the diaphragm [ = 1.44, t = 2.04,
F(1,202) = 4.17, p < .05], while its association with Bodily Reactivity above the
diaphragm and Empathy Quotient scores only approached significance (p =.06 and p

= .07, respectively; see Table 5).
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Figure 7. Significant correlation between Interoception ratings by Empathy Quotient (a), Bodily reactivity in
subdiaphragmatic organs (b) in the English native speakers sample.

Empathy BPQ-I BPQ-II Supra BPQ-II Sub
Quotient
o P 1.57 1.54 45 -.07
p-value .037* .017* 41 91
Hebrew B 1.71 2.80 3.00 2.71
p-value .031* <.0071*** <.001*** <.001***
English B 1.45 1.78 1.31 1.44
p-value .06 .031* .07 .042*

Table 5. Standardized P coefficients and p-values of the regression of Interoception ratings for each of the
questionnaires in each language. Significant regressions are reported in bold. BPQ-I = Bodily Awareness, BPQ-
II Supra = Bodily reactivity in supradiaphragmatic organs, BPQ-II Sub = Bodily reactivity in subdiaphragmatic

organs.

2.3.5. Importance of modalities in determining a correct
classification of Abstract and Concrete concepts

The Random Forest classifier trained on the Italian sample showed an Out-of-
bag error rate of 17.26% with class error rate of .17 for Concrete concepts and .16 for
Abstract concepts. The conditional permutation importance analysis showed that the
most important modality that contributes to a correct classification was Interoception
(.025), followed by Touch (.020), Hearing (.008), and then all the other modalities (see
Figure 8). The area under the ROC curve was .92 (see Figure 9).
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The Random Forest classifier trained on the Hebrew sample showed an Out-of-
bag error rate of 14.5% with class error rate of .11 for Concrete concepts and .18 for
Abstract concepts. The conditional permutation importance analysis showed that the
most important modality that contributes to a correct classification was Interoception
(.037), followed by Vision (.021), Hearing (.011), and then all the other modalities (see

Figure 8). The area under the ROC curve was .95 (see Figure 9).

Finally, the Random Forest classifier trained on the English sample showed an
Out-of-bag error rate of 18.82% with class error rate of .15 for Concrete concepts and
.22 for Abstract concepts. The conditional permutation importance analysis showed
that the most important modality that contributes to a correct classification was
Interoception (.023), followed by Touch (.020), Vision (.015), and then all the others

(see Figure 8). The area under the ROC curve was .92 (see Figure 9).

Overall, the Random Forest classifiers trained on each language separately
showed good performance as indicated by the percentage of out-of-bag errors
estimation (all < 19%) and the area under the ROC curves (all > .91) (see Figure 9).
Moreover, there was a good agreement on the ranking of the importance of each
modality in the discrimination of Abstract and Concrete concepts. In detail,
Interoception was ranked as the most important modality in each model built on each
language (see Figure 8). The second most important modality was Touch for both
Italian and English native speakers, while in the Hebrew native speakers sample,

Vision was the second most important modality.
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Conditional Permutation Importance (threshold = 0.95)
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Figure 8. Conditional Permutation Importance for Random Forest classifiers in each Language. This index
represents the importance of each predictor (perceptual modality) in providing an efficient classification as
Abstract or Concrete concepts in each Random Forest model. In all languages, Interoception was the most
important modality.
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Figure 9. Receiver operating characteristic (ROC) curves for the Random Forest classifies in each language. The
red dotted line represents the null performance under random categorization, the black lines represent the actual
performance of each classifier. In all languages, classifiers performed well in classifying Abstract and Concrete
concepts solely using perceptual strength ratings as predictors, as also highlighted by the area under the ROC
curve which exceeded .91 in all languages.

2.3.6.Hierarchical Clustering results

The suggested number of clusters according to the gap statistics was seven for
the Italian and the English samples, and eight for the Hebrew sample. Looking at the

contents of clusters in each language separately, we observed some recurrent patterns.

2.3.6.1. Hierarchical Clustering — Italian native speakers sample

In the Italian native speaker sample, the first cluster was characterized by high
Interoception ratings (mean = 3.78; see Table 6 and Figure 10.a) and it included 29
concepts, most of which were Abstract concepts belonging to the subtype of Emotional

and Mental States (N = 10), a mixture of other subtypes of abstract concepts (Physical
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Spatiotemporal and Quantities = 8, Philosophical and Spiritual = 5, Social and Self =
4), and two concrete concepts (i.e., shark and sunrise). The distinctive characteristics of
cluster 1, which could be called “General abstract concepts”, was the high
Interoception and the high Vision ratings counterbalanced by low Taste, Touch and
Smell. The second cluster was characterized by overall high perceptual strength
ratings across all modalities (mean of all modalities = 3.61; with highest ratings in
Vision =4.12 and Interoception =4.08) and it included 10 concepts, most of which were
abstract concepts belonging to the Social and Self subtype (N = 6), two concepts
belonging to the Physical Spatiotemporal and Quantity subtype, and two concrete
concepts (i.e., snow and water). The third cluster was characterized by high Taste (mean
= 4.88), and it included all the 10 concrete concepts belonging to the subcategory of
“food”. The fourth cluster was characterized by high ratings in Vision and Hearing
(mean = 4.54 and 4.41, respectively), and it included 9 Concrete concepts, most of
which were Animals (N =5), followed by Natural objects and Tools (N = 2 for both).
The distinctive characteristic of cluster 4 was the inclusion of concrete entities or tools
usually associated with noise (e.g., violin, hammer, or elephant). The fifth cluster was
characterized by high Vision and Touch (mean = 4.57 and 4.51, respectively) and it
included 12 concrete concepts, belonging to the subtypes of Tools (N = 8) and Natural
objects (N = 4). The sixth cluster was characterized by overall high perceptual strength
ratings across all modalities (mean = 3.79) but compared to cluster 2 it had lower
Interoception (2.86 vs 4.08), lower Taste (2.21 vs 3.18) and higher Smell (3.95 vs 2.95).
Cluster 6 included 5 concepts, four of which were Animals, and one was a Natural
object (i.e., rain). The distinctive characteristics of cluster 6 was that it included two
pets (i.e., cat and dog), two familiar animals (i.e., horse and cow) and a familiar natural
event like rain, all of which are particularly associated with smell (second only to
cluster 4 composed by Food concepts). Finally, the seventh cluster was characterized
by high Interoception (mean = 3.53) but overall low perceptual strength (mean of all
modalities = 2.07) and it included 5 concepts, all belonging to the subcategory of
Philosophical and Spiritual concepts.
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General High Noisy Highly

e Tl food e Ghecs B smasu
Vision 3.57 4.12 4.46 4.54 4.57 2.26 4.80
Hearing 3.07 3.71 2.06 4.41 2.66 2.09 4.49
Taste 1.93 3.19 4.89 1.60 1.78 1.49 2.21
Smell 2.01 2.95 4.09 2.11 2.14 1.50 3.93
Touch 2.37 3.64 3.86 3.63 4.52 1.58 4.50
Interoception 3.78 4.08 3.25 2.55 2.18 3.54 2.87

Table 6. Perceptual Strength Ratings for each cluster (columns) identified in the Italian native speakers sample.
Bold indicates the two highest perceptual strengths characterizing each cluster.

2.3.6.2. Hierarchical Clustering — Hebrew native speakers sample

Looking at the Hebrew native speakers sample, the first cluster was
characterized by high Vision and Interoception (mean = 3.97 and 3.21, respectively;
see Table 7 and Figure 10.b) and it included 8 concepts, most of which were abstract
concepts belonging to the Physical Spatiotemporal and Quantity subtypes (N =6), and
two concrete concepts (i.e., shark and sunrise). The second cluster was characterized by
high Interoception (mean = 4.41) and it included 21 Abstract concepts, most of which
were Emotional and Mental States concepts (N = 8), and Social and Self concepts (N =
6). Interestingly, the concepts included in the cluster 1 and 2 in the Hebrew sample
(total N =29) showed an overlap of 79.3% with the cluster 1 in the Italian sample (N =
29), suggesting that cluster 1 and 2 in Hebrew native speakers sample equals the
category of “General abstract concepts” in the Italian native speakers sample. The
third cluster was characterized by high Taste (mean = 4.78) and it included all the 10
concrete concepts belonging to the subcategory of “food”. The fourth cluster was
characterized by high Vision and Hearing (mean = 4.93 and 4.03, respectively) and it
included 7 concrete concepts, five of which were Animals and two were Tools. The
distinctive characteristics of cluster 4, as in the cluster 4 from the Italian sample, was

the inclusion of concrete entities or tools usually associated with noise (e.g., violin,
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hammer, or elephant). Similarly to what observed in the Italian sample, the fifth cluster
was characterized by high Vision and Touch (mean = 4.56 and 4.29, respectively) and
it included 13 concrete concepts, belonging to the subtypes of Tools (N = 8) and
Natural objects (N = 5). The overlap between the Italian and the Hebrew cluster 5 was
total as all the concepts belonging to the Italian cluster 5 were also included in the
Hebrew cluster 5. The only difference was the inclusion of the concept “snow” in such
cluster in the Hebrew sample. The sixth cluster was characterized by high overall
perceptual strength across all modalities (mean = 3.36) with the only exception of Taste
(mean = 1.61) and it included 7 concrete concepts, four of which were Animals and
three were Natural objects. Interestingly, also this cluster showed strong resemblance
with the Italian cluster 6 as both include pets and familiar animals (e.g., cat, cow, horse,
and dog) and one the concept rain. However, in the Hebrew sample, cluster 6 also
included other concepts related to water, specifically they were “river” and
“waterfall” that in the Italian sample were included in the cluster 4 which was
associate with noisy natural entities and animals. The seventh cluster was
characterized by high Interoception (mean = 3.75) but overall low perceptual strength
(mean of all modalities = 1.64) and it included 8 Abstract concepts, most of which
belonging to the subcategory of Philosophical and Spiritual concepts (N = 6), two
belonging to the Emotional and Mental States subcategory, and one belonging to
Physical Spatiotemporal and Quantities. This seventh cluster was very similar to the
seventh cluster in the Italian sample as it included mostly highly abstract concepts
characterized by high interoception and low exteroceptive strength ratings. Finally,
the eight cluster was characterized by high perceptual strength ratings across all
modalities (mean of all modalities = 3.71; with highest ratings in Interoception = 4.41
and Vision = 3.93) and it included 5 concepts, most of which were abstract concepts
belonging to the Social and Self subtype (N =4) and one Natural concrete concept (i.e.,
water). This cluster has very strong similarity with the cluster 2 in the Italian sample
as both show great overall perceptual strength ratings, high Interoception and Vision,
and they both includes curiosity, happiness, love, nostalgia, and water. In addition to
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these concepts, Italian cluster 2 includes activity, attention, effect, and inspiration that in
the Hebrew sample were included in the cluster 2 composed by Abstract concepts,
and snow that in the Hebrew sample was included in the cluster 5 composed by

Concrete concepts.

Mildly High Noisy Concrete Highly Visual Familiar
Abstract Perceptual Food  Animals/Tools ) abstract Animals/
Objects concepts

concepts Abstract /Natural concepts Natural
Vision 3.01 3.93 4.53 4.49 4.57 2.13 3.97 4.65
Hearing 3.20 3.80 1.95 4.03 2.24 1.95 2.27 4.20
Taste 1.61 3.37 4.79 1.16 1.58 1.26 1.27 1.62
Smell 1.60 3.02 4.05 1.64 1.88 1.29 1.49 3.40
Touch 2.29 3.78 3.73 3.32 4.30 1.59 2.04 3.79
Interoception 4.08 441 2.63 2.07 1.99 3.76 3.21 2.54

Table 7. Perceptual Strength Ratings for each cluster (columns) identified in the Hebrew native speakers sample.

Bold indicates the two highest perceptual strength characterizing each cluster.

2.3.6.3. Hierarchical Clustering — English native speakers sample

In the English native speakers sample, the first cluster was characterized by high
Interoception and Vision (mean = 3.37 and 3.31, respectively; see Table 8 and Figure
10.c) and it included 12 Abstract concepts, five of which were Social and Self concepts,
followed by Physical Spatiotemporal and Quantities concepts (N = 4), two
Philosophical and Spiritual concepts, and one Emotional and Mental States concept.
The second cluster was characterized by high Taste (mean = 4.60) and it included all
the 10 concrete concepts belonging to the subcategory of “food”. The concepts
belonging to the food category were identified as a particular subcategory of concepts
in each language (as cluster 3 in Italian and Hebrew samples), probably because of
their peculiar profile with high Taste and Smell ratings. The third cluster was
characterized by high Vision (mean = 4.57), followed by Hearing (mean = 4.04) and
Touch (mean = 3.38) and it included 14 Concrete concepts, most of which belonging
to Animal subcategory (N =9), three Natural objects, and two Tools. This cluster was
very similar to the cluster including noisy natural entities and animals observed in the
other languages (as cluster 4 in both Italian and Hebrew). The main difference

57



between the English and the other languages was that in the English sample, pets and
familiar animals were included in this bigger cluster that included almost all the
animals (9 out of 10), while in the other languages they formed an almost independent
cluster. The fourth cluster was characterized by high Vision and Touch (mean = 4.34
and 4.03, respectively) and it included 13 Concrete concepts, belonging to the subtypes
of Tools (N = 8) and Natural objects (N = 5). This cluster also showed very strong
similarities with the cluster 5 observed in Italian and Hebrew samples, with an overlap
of 92.3% with the Italian (with only “snow” as mismatch between the two) and 100%
with the Hebrew clustering solutions. The fifth cluster was characterized by high
Interoception (mean = 3.10) and overall low ratings in all other modalities (mean of all
other modalities = 2.09) and it included 20 Abstract concepts, most of which were
Emotional and Mental States (N =9), followed by Philosophical and Spiritual concepts
(N = 8), two Social and Self concepts, and finally one Physical Spatiotemporal and
Quantities concept. It seems that this cluster includes overall highly Abstract concepts,
similarly to what was observed for Italian’s and Hebrew’s cluster 7 which was
characterized by a similar perceptual strength profile and composed mostly by
Philosophical and Spiritual concepts. The main difference with the other two
languages is that Emotional and Mental States concepts were included in this “highly
abstract concepts” cluster in the English sample, while in the Italian and Hebrew
samples they were included in the cluster representing “General abstract concepts”
and “Mildly abstract concepts”, respectively. The sixth cluster was characterized by
high Vision (mean = 3.94) and overall low ratings in all other modalities (mean of all
other modalities = 1.81) and it included 7 concepts, most of which were Physical
Spatiotemporal and Quantities concepts (N =5), and two concrete concepts (i.e., shark
and sunrise). This cluster was very similar to cluster 1 observed in the Hebrew sample,
as it was also composed by four overlapped Physical Spatiotemporal and Quantity
concepts (i.e., direction, part, space, and symbol), as well as shark and sunrise. In the
Italian sample, all these concepts were included in cluster 1 which was generally
composed by Abstract concepts, most of which belonging to Emotional and Mental
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States or Physical Spatiotemporal and Quantity concepts. Finally, the seventh cluster
was characterized by overall high perceptual strength ratings across all modalities
(mean of all modalities = 3.53; with highest ratings in Interoception = 4.02) and it
included 4 concepts, most of which were abstract concepts belonging to the Social and
Self subtype (N = 3), and one Natural concept (ie., water). Also, this cluster showed
strong similarities with the high perceptual cluster 8 in the Hebrew sample since all
of the concepts included in the English cluster 7 were included in the Hebrew cluster
8, plus “curiosity”. Also, all concepts included in the English cluster 8 were included
in the Italian cluster 2. In particular, the concepts happiness, love, nostalgia, and water,

were included in all languages in such cluster.

A'E)/Isllcrj;tt PerI:tlegrzual Food Anim’\gl)sI%ools Con_c rete a:;gtr;Zt Visual

concepts Abstract /Natural Objects concepts concepts
Vision 331 3.91 4.29 4.53 4.34 2.45 3.94
Hearing 3.00 3.66 1.96 4.05 2.35 2.49 2.19
Taste 1.86 3.16 4.60 1.52 1.61 1.42 131
Smell 1.99 2.80 3.77 2.43 1.85 1.42 1.45
Touch 2.35 3.64 3.41 3.38 4.03 1.71 1.96
Interoception 3.37 4.03 2.93 2.10 1.85 3.10 2.19

Table 8. Perceptual Strength Ratings for each cluster (columns) identified in the English native speakers sample.
Bold indicates the two highest perceptual strength characterizing each cluster.
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Figure 10. Perceptual Strength ratings for each cluster identified in each language. Lines represent median, hinges represent
first and third quartiles, whiskers represent 1.5*IQR (Inter Quartile Range), and dots represent outliers. Translucent colored
lines on the background connect clusters sharing strong similarities across languages. The cluster named “General abstract
concepts” in the Italian native speakers sample contain similar items and share perceptual similarities with the combined clusters
“Visual concepts” and “Mildly abstract concepts” identified in English and Hebrew native speakers samples. Same goes for
“Noisy Animals/Tools/Natural” in the English native speakers sample that includes concepts that belongs to “Noisy
Animals/Tools/Natural” and “Familiar Animals/Natural” in Hebrew and Italian native speakers sample. All other clusters
showed a direct 1:1 correspondence between languages.

Comparisons of clustering solutions between languages

The Fowlkes-Mallows index used to compare each pair of hierarchical clustering
solutions showed that Italian and Hebrew were similar (FM = .59, p <.001), Italian and
English were similar (FM = .60, p <.001), and Hebrew and English were similar (FM =
.66, p <.001). In all cases, we rejected the null-hypothesis that the couples of clustering

solutions were not-similar with a confidence interval of 99%.
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2.4. Experiment 1 Discussion

The current study was designed to address the perceptual strength profile for
Concrete and Abstract concepts in three different languages and to explore whether
the ratings related to the Interoception modality would be particularly involved in 1)
representing Abstract concepts; 2) predicting empathic behavior and bodily
sensitivity. We hypothesized to observe no differences across languages for what
concern Perceptual Strength ratings for Abstract and Concrete concepts as we
suggested that the perceptual features underlying their experience it would be
culture-invariant. Similar results were expected for what concern the relationship
between Interoception and bodily sensitivity measures, while the strength of the
relationship between Interoception and empathy could show much greater inter-
language variability as empathy is a complex prosocial behavior which could be

greatly affected by inter-individual variability and cultural habits.

24.1. Perceptual Strength ratings for Concrete and Abstract
concepts within each language

For what concern the comparison of Perceptual Strength ratings of Concrete and
Abstract concepts, our results for all languages mirrored the results already observed
in single languages studies that did not perform cross-linguistic comparisons (e.g., for
English and Italian native speakers see Lynott et al., 2020; and Repetto et al., 2022).
Specifically, Concrete concepts obtained greater ratings in Vision, Touch, Taste, and
Smell, in comparison to Abstract concepts suggesting that these modalities convey
information from outside our body would be important in defining Concrete concepts
in all languages. The only exception of Taste that showed no differences between
Abstract and Concrete concepts in the Italian sample (see following discussion for an
interpretation). On the other hand, Interoception obtained higher ratings for Abstract

concepts compared to Concrete ones in all languages. This result was in line with our
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initial hypothesis 1, and with studies suggesting the importance of this modality in

the embodiment of Abstract concepts (e.g., Connell et al., 2018; Villani et al., 2021).

The Auditory modality showed no significant differences between Concrete and
Abstract concepts in all languages. A possible interpretation is that different Abstract
concepts adopted in the current study are associated with social interactions (e.g., love
and nostalgia) or with cognitive domain (e.g., attention and silence). This result is in line
with a recent study by Banks and Connell suggesting that a subcategory of Abstract
concepts, namely externally focused social concepts, are characterized by Auditory
features compared to, for example, internally focused concepts which are in turn
characterized by Interoception (Banks and Connell, 2023). It is also possible to
hypothesize that such concepts could be related to the experience of introspective
examination through inner speech and metacognitive processes, thus activating the
auditory loop involved in internal dialogue (Wiemer-Hastings and Xu, 2005; Shea,
2018; Borghi et al., 2023). The idea that an exteroceptive modality like the Auditory
one could underlie the experiences of both Abstract and Concrete concepts goes well
with the idea that their distinction could be better described as a continuum, rather
than being two separated ontologically different entities (see also Barsalou et al., 2018).
The cross-linguistic similarities were furtherly observed in the multiple regression
analysis showing that ratings for Abstractness/Concreteness were strongly predicted
by a negative relationship with Interoception ratings and by positive relationships
with  Vision and Touch. It is important to underline that the
Abstractness/Concreteness index was constructed with two opposite polarities, with
lower scores indicating that the word is rated as Abstract and higher scores indicating
the word as Concrete. So, saying that Abstractness/Concreteness ratings were
negative related to Interoception can be rephrased as: the more a concept was rated as
Abstract the more was associated with Interoception, while on the contrary, the more
was rated as Concrete and the more was associated with Vision and Touch. This

pattern was observed in all languages. Interestingly, another similarity between
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languages has been observed in the results of the Random Forest classifier. In fact, all
tested languages showed that the most important modality in providing a good
performance in the classification of a concept as Abstract or Concrete was
Interoception. This result suggests that despite subtle differences in perceptual ratings
for each modality could be observed, the Interoceptive dimension is the one that most
defines the abstractness or concreteness of each concept in the model which includes

all perceptual modalities.

242, Cross-linguistic differences in Perceptual Strength
Ratings for Concrete and Abstract concepts

Despite great similarities in comparing ratings Abstract and Concrete concepts
within each language, some differences emerged in the direct comparisons of
Perceptual Strength ratings across languages. Especially, we observed that Italians
showed greater ratings for a large variety of modalities in both types of concepts in
comparisons to Hebrew and, to a greater extent, English participants. However, it is
possible that the cross-linguistic differences observed in the current study were the
result of different response styles in ratings-based surveys. In fact, as pointed out by
Van Herk and colleagues (2004), Italians tend to provide greater ratings compared to
other western countries (for similar results see also Williams, 1991; Harzing, 2006).
The same study suggested that cross-cultural differences in ratings derived by
response style could be not indicative of differences in underlying behaviors and
processes (Van Herk, 2004). The idea that the observed differences could be due to
differences in response styles is corroborated by the fact that when observing the
impact of each modality in determining Abstractness/Concreteness ratings and the
perceptual-based clustering solutions, no systematic differences between Italians with

the other languages have been observed.

However, it is important to address whether actual cross-linguistic differences
could still be identified in underlying some of the differences in ratings observed

between languages. The results most likely reflect a true cross-cultural difference is

63



the ratings regarding the difference between Abstract and Concrete concepts in the
gustatory modality and the ratings for the Interoceptive experiences in Abstract

concepts.

In fact, in the current study Italians showed not only significantly greater
gustatory ratings for both Abstract and Concrete concepts in comparisons to Hebrew
and English participants, but they also were the only language group that did not
show significant differences between Abstract and Concrete concepts in such
modality. The fact that Abstract concepts are rated as “tastier” in the Italian sample in
comparisons to the other languages could be interpreted with the fact that the
meaning of some words belonging to the gustatory domain in Romance languages
(like Italian) went through changes over time shifting from a purely perceptual
content (e.g., “qustare” as “eating something with pleasure”) to a more psychological
dimension characterized by positive affects (e.g., “gustare” in Italian is often referred
to “strongly enjoying and liking something outside the domain of food/beverage
consumption”). This shift is even more evident in Spanish (which is also a Romance
language) according to which the verb “gustar” has practically lost its perceptual
meaning and assumed the meaning of the verb “liking” (for a more detailed
discussion see Galac, 2020). Another example of a perceptual/cognitive connection in
the gustatory modality in Romance language is the ancient Latin verb “sapio” from
which the current Italian verb “sapere” stemmed, which means both “to know” and
“to taste”, providing another example of meaning shift from a gustatory to a cognitive
domain. Another investigation of the changes between Classic Latin perceptual
adjectives and current Italian language suggested that a robust shift from lower
domains (i.e., perceptual) to higher domains (i.e., cognitive or affective) occurred over
time through the use of metaphors (Lievers and De Felice, 2019). In line with the idea
that gustatory related words carry relevant emotional meanings in current Italian
language, the use of metaphorical expressions involving this modality (e.g., using the

adjective “sweet” to describe a nice person) has been observed to elicit greater activity
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in cerebral regions related to emotional processes in comparisons to their non-
metaphorical expressions (Citron and Goldberg, 2014). Thus, it is plausible that in the
Italian sample, Abstract concepts would obtain greater gustatory ratings because of

the wide use of metaphor reflecting affective meanings in such modality.

For what concern the Interoception ratings for Abstract concepts, we observed
significantly lower ratings for English participants in comparisons to both Italian and
Hebrew ones. This is the only statistically significant differences between English and
Hebrew participants. While the Italian greater Interoception ratings for Abstract
concepts could be prone to the response bias described before, we suggest that the
greater Interoception ratings for Abstract concepts provided by Hebrew speakers
could reflect an actual cross-linguistic difference. Western philosophy has its roots in
the ancient Greek and Roman philosophy which were characterized by a strong
body/soul dualism (Schroer and Staubli, 2013). This difference in the philosophical
traditions can be reflected in words meanings. For example, the word “soul” in
modern English represents a concept that do not belong to the physical world, and it
is independent from the bodily realm as it represents the immaterial entity that leave
the body after death. In current Hebrew, népes means “spirit” or “soul”, intended as
“vital spirit”, but in biblical ancient Hebrew it has the double meaning of “throat” or
“breath”, highlighting the corporeal connotation of such highly Abstract
philosophical concept. Similarly, the terms lebab (heart) and raham (womb) can be
translated with “mind/knowledge” and “compassion”, respectively (Schroer and
Staubli, 2013), thus reflecting a semantic coupling of body parts with

cognitive/affective Abstract meanings.

Similar conclusions can be drawn by a recent cross-linguistic examination of
verbs and their associated body parts. In fact, in a recent study comparing Hebrew
and English speakers on associations of body parts with 103 target verbs, Hebrew
speakers provided a greater number of body parts (e.g., brain or head) in association

with cognitive dimensions (e.g., search, hate, like), while English speakers were
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observed to associate the cognitive dimension to a less embodied effector like mind
(Maouene et al., 2023). Interestingly, they further observed a greater number of
associations of hand palm (Hebrew: kaf yad) with verbs associated with religious or
spiritual actions (e.g., praying, blessing) and they further suggested that these
associations would eventually increase the saliency of the effector “hand palm” on
other verbs related to everyday action (e.g., putting, writing, cutting). Thus, Hebrew
speakers’ semantic representation of Abstract concepts could reflect greater embodied
aspects because of the historical philosophic and cultural attitude in coupling inner
and emotional states with body parts, as reflected by greater interoception ratings for

Abstract concepts.

2.4.3. Cross-linguistic differences of Interoception ratings in
empathy and body perception

Further cross-linguistic differences emerged in the relationship of Interoception
ratings with Empathy, Bodily Awareness, and Bodily Reactivity above and below the
diaphragm. Specifically, Empathy levels were observed to be positively associated
with Interoception ratings for concepts in the Italian and Hebrew samples, but not in
the English sample. Cultural-based variations regarding the rules of social interactions
could determine differences in the modulation of the interests in others’ feeling and
their related interoceptive experience (Cheon et al., 2010; Kwon et al., 2021).
Interestingly, some English words expressing prosocial attitudes (i.e., sympathy,
compassion, and empathy) have been observed to show some differences in the
expressed attitude in relation to their Russian translational counterparts (i.e.,
soc uvstvie, sostradanie, and soperezivanie). Specifically, differences were found for
what concern the affective content and the valence (either positive or negative)
associated with the underlying social experience of such words which were stronger
in the Russian words (Gladkova, 2010). When comparing collectivistic (e.g., eastern)
to individualistic (e.g., western) cultural environments, some differences in the ability

to assume the others’ perspective have been observed. In detail, greater ability in
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perspective-taking have been found when comparing Americans with Iranians
(Yaghoubi Jami et al., 2019), and Chinese (Wu and Keysar, 2007). However, different
studies suggests that empathy is a complex process that could be modulated
differently by cultural habits and that some dimension of empathy, like cognitive or
affective dimensions, appears to be differently modulated by individualistic versus
collectivistic cultures (for different results see Cassels et al., 2010; Chopik et al., 2017).
Future research will be needed to detect more detailed and fine-grained effects of
culture and language on empathic behaviors. However, with the current study we
suggest that the embodiment of concepts in interoception could provide some insights

in this regard.

On the other hand, Interoception ratings were positively associated with the
Bodily Awareness scores of the Body Perception Questionnaire in all languages. This
result suggests that the connection between the ability to embody concepts in our
interoceptive experiences and the awareness of our bodily states are linked to each
other, regardless of the language of reference. It is possible to interpret this results in
light of the fact that being aware of one’s own bodily experiences relates to
embodiment of conceptual knowledge is similar across different languages unlike
social experiences, that showed greater culture-based variability. Noteworthy, Bodily
Awareness scores were greater for Hebrew participants in comparisons to both
English and Italian participants. This is in line with the observation that non-Western
cultures often exhibit greater self-report somatic awareness (Ma-Kellams, 2014).
However, our regression analysis showed that greater bodily awareness is associated
with greater embodiment of conceptual representations regardless of the overall inter-
language score, suggesting that awareness in perceiving internal bodily signals could

play a role as a universal mechanism putatively involved in embodiment.

The greatest inter-language differences were observed for what concern the
Interoception ratings and the Bodily Reactivity subscales. In fact, Interoception ratings

from Hebrew participants were positively related to both Supradiaphragmatic and
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Subdiaphragmatic reactivity scales; in the English sample we observed a positive
relationship between Interoception ratings and Subdiaphragmatic reactivity scores
only, while in the Italian sample none of these relationships resulted significant.
Considering that: 1) experience of social interaction is thought to be modulated by
contextual and cultural habits; 2) reactivity in the supradiaphragmatic visceral organs
is thought to reflect sensitivity in detecting changes in the autonomic activity of those
organs involved in controlling the bodily social interface; 3) Hebrew native speakers
showed greater empathy scores and a significant correlation between empathy scores
and interoception ratings; and 4) Hebrew native speakers also showed greater
Interoception ratings for Abstract concepts; one may suggest that the association
between interoception ratings and bodily reactivity in the supradiaphragmatic organs

is caused by culturally-mediated social habits.

24.4. Similarities and differences between Languages in the
Clustering analysis

Clustering analysis using perceptual strength ratings as predictors showed a
good overall accordance when comparing solutions in each language, with the
perceptual profiles for each cluster showing very similar patterns. Noteworthy, the
overlap in clusters’ composition between languages provides support to the
distinction in subtypes provided by Villani and colleagues (2019). When compared to
the a priori categorization in subtypes of Abstract concepts, our analysis suggests that
each cluster can be associated to a specific subtype of Abstract concepts. We identified
one cluster mostly based on Social and Self concepts (“High perceptual”), one cluster
mostly based on Philosophical and Spiritual concepts (“Highly abstract concepts”),
and a set of clusters mostly based on a mixture of Emotional and Mental State plus
Physical Spatiotemporal and Quantities concepts (“General abstract concepts” in the
Italian sample, and the coupled “Visual concepts” and ”Abstract concepts” in the
other languages). However, some crucial differences in how concepts are grouped

together have been observed. In fact, while those clusters reflecting subtypes of
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Concrete concepts showed greater agreements across languages, the boundaries of
those clusters reflecting different types of Abstract concepts were more blurred.
Specifically, the cluster named “General abstract concepts” resulted larger in the
Italian sample (N =29) and it included mostly concepts that belonged to the Emotional
and Mental States (EMS; N = 10) and Physical Spatiotemporal and Quantities (PSQ; N
= 8), while in the English and Hebrew samples, these two subtypes of concepts were
divided in two main clusters, one characterized mostly by the inclusion of PSQ
concepts, named “Visual concepts” (Hebrew N = 8, English N = 5), and the other by
the inclusion of EMS concepts, named “Mildly abstract concepts” (Hebrew N = 8§,
English N =9). What all these clusters have in common is the perceptual profiles which
appeared to be characterized by high Interoception, followed by Vision and Hearing,
with the only exception of the “Visual concepts” in the English sample that had the
Visual modality as the most prominent, although the concepts included in such cluster
almost totally overlapped with the Hebrew sample. This crucial difference suggests
that despite English native speakers tend to not rely on interoceptive components for
such concepts, they are still grouped together as a specific subtype of concepts because
of their perceptual general profile. Differently from Concrete concepts, Abstract
concepts embodiment in Interoception can be modulated by cultural habits and
influenced by the linguistic co-occurrences with other semantically related words
belonging to other types of concepts (Kwon et al., 2021; Wingfield and Connell, 2022).
Moreover, the results reported in the current study are in line with those view
suggesting that Abstract concepts are prone to greater subjective variability in their
experiential components (Barsalou and Wiemer-Hastings, 2005; Muraki et al., 2022;
Borghi et al., 2017). Nonetheless, the level of accordance observed in the current
dataset can be considered high, especially considering that this clustering analysis
have been performed on a very limited set of variables corresponding to perceptual
strength modalities that have widely been thought to provide particularly informative
features for Concrete concepts. We observe that the inclusion of other experiential
teatures outside perceptual ratings exploring emotional or social dimensions, like for
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example affective ratings, would dramatically increase the clustering performances
observed in the current study allowing a much more fine-grained distinction between
subtypes of Abstract concepts, as proposed by other researchers (e.g., Villani et al,,
2019). However, the exploration of Perceptual Strength alone produced very
interesting clustering of Abstract concepts that resemble the ones observed in

literature.

Another interesting observation on the clustering of Concrete concepts arises
from the comparisons of those clusters composed by Animals. In the Italian and in the
Hebrew samples, Animals were distributed in two clusters: one including noisy
animals (e.g., mosquito) and a separate one including familiar animals/pets (e.g., cat).
In the English sample, these two groups were collapsed in one cluster. Analyzing the
two clusters with animals identified in Italian and Hebrew samples, it emerges that
the main differences between noisy animals cluster and the familiar animal/pets
cluster differs mostly for the Smell and the Interoceptive modalities. In both
languages, the cluster with familiar animals/pets showed greater ratings in such
dimensions compared to the one with noisy animals. These differences could reflect
the fact that the olfactory and the interoceptive modality are often associated with
emotional processing (Soudry et al., 2011; Sullivan et al., 2015; Tsakiris and Critchley,
2016; Palmer and Tsakiris, 2018). In comparison, the one cluster including animals in
the English sample showed lower interoception (English = 2.09 vs Italian = 2.86 and
Hebrew = 2.54) and lower Smell (English = 2.43 vs Italian = 3.92 and Hebrew = 3.40)
compared to the cluster with familiar animals/pets in the other languages, while
ratings in the same modalities were much similar with the cluster including noisy
animals in the other two languages. It is very important to underline that English
participants also showed a large variance for what concern Smell in the cluster
including animals (Smell scores at percentiles: 25%= 1.67; 75% = 3.22; delta = 1.55),
suggesting that this dimension could still carry some information in differentiating

noisy animals from familiar animals/pets but that this distinction would be hidden by
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the differences in Interoception ratings that in contrast showed a much lower variance
(Interoception scores at percentiles: 25%= 1.65; 75% = 2.55; delta = 0.9). In conclusion,
we argue that the distinction between subtypes of Abstract concepts in the Italian and
Hebrew native speakers samples showed a good consistency, while the clustering in
the English native speakers sample in the Abstract domain, and in some Concrete
subtypes, was blurred by a lower impact of Interoception ratings in comparison with
the other languages. We hypothesize that including additional affective ratings as a
measure for emotional experience would strongly improve not only the clustering for
Abstract concepts, but it would provide important information for the representation

of Concrete concepts too.

2.5. Limitations and Conclusions

In the current study, we addressed the importance of Interoception in the
embodiment of Abstract and Concrete concepts in three languages. Some small cross-
linguistic differences were observed, especially in the perceptual experiences related

to Abstract concepts and their classification in subtypes.

In this regard, one of the main limitations of the current study is that 80 nouns
are quite a limited number of target words in relation to the enormous range of lexical
items utilized every day in different cultural milieu. Thus, the exploration of the
relationship between conceptual embodiment in perception and the experiences in the
bodily and social domains could benefit from increasing the number of words.
Moreover, this would also allow us to better define the perceptual profiles of specific
subtypes of concepts, overcoming the limited and coarse dichotomic distinction in
Abstract and Concrete concepts. Consequently, we suggest that future studies aimed
at addressing the fine-grained categorization of conceptual representations between
different languages should take in account a larger variety of concepts, and eventually
collecting sensorimotor ratings and other basic experiential features like affective

ratings. It would be particularly interesting to further analyze and explore the inter-
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rater reliability results, with a particular focus on which types or subtypes of concepts
exhibit the greater inter individual differences. Future studies should be designed to
address this interesting issue, but it would be important to enlarge the number of
conceptual subtypes and select the words belonging to each subtype adopting a much

more fine-grained resolution.

In conclusion, we showed results advocating for Interoception as a crucial
modality for embodiment and that, regardless of differences across languages, it is
important for categorizing concepts as being Concrete or Abstract. We conclude that
such modality must be included in models aimed at exploring experiential features of

Abstract concepts.

Moreover, we explored how the embodiment of concepts in the interoceptive
modality would relate to empathy and body perception. In this regard, we observed
that interoception ratings predicted bodily awareness transversally in all languages,
while the empathy scores and the bodily reactivity scales (which is associated with the
social engagement system) have been observed to be consistently predicted by
Interoception ratings by Hebrew native speakers participants, while Italian and
English native speakers participants showed mixed results. These results suggests that
embodiment of conceptual meanings is associated with bodily sensitivity to internal
functions regardless of the cultural milieu of reference, while the involvement of

social-oriented experiences in conceptual meanings could be more culture-dependent.
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3. [Experiment 2: Effects of being immersed in a
perceptual deprivation chamber on the
processing of Abstract and Concrete Concepts

3.1. Introduction

According to Embodied Language Theories, the processing of words” meaning
is affected by the state of the sensorimotor system, especially for what concern the
involvement of those modality-specific sensorimotor regions that are activated during
the experience of words’ referent (Gallese and Lakoff, 2005; Barsalou et al., 2008; Kiefer
and Pulvermuller, 2012; Moseley and Pulvermuller, 2018). In fact, the processing of
meaning of a concept that refers to a physical and tangible referent has been observed
to activate sensorimotor regions associated to the interaction with such referent
(Kiefer and Pulvermuller, 2012). This mechanism of sensorimotor reenactment is
thought to be important not only for Concrete concepts processing but also for those
concepts that doesn’'t have a physical form. In fact, some studies suggested that
Abstract Concepts could rely on the retrieval of bodily, affective, and social
experiences that was first experienced through sensations coming from the
interoceptive system (Borghi and Binkofski, 2014; Connell et al., 2018; Harpaintner et
al., 2018), namely the system involved in the perception of information coming from
inside the body (Craig, 2003; Herbert and Pollatos, 2012). In a recent study, Villani and
colleagues (2021) observed that performing a task involving the monitor of
interoceptive sensations would selectively interfere with the processing of words
representing social and abstract concepts, providing experimental evidence in favor
of the embodiment of abstract concepts in interoceptive processes. Through a heart-
beat detection task they artificially manipulated the activation of the modality-specific

system involved in interoception. Yet, to the best of our knowledge, no other
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experiments tested conceptual processing of Abstract and Concrete concepts adopting

an artificial manipulation of interoception.

Other possible mechanisms involved in the representation and processing of
Abstract concepts are metacognition and inner speech (Wiemer-Hastings and Xu,
2005; Shea, 2018; Borghi et al., 2023). Such functions would be particularly important
in processing Abstract concepts because they allow the grounding in the experience
of internal dialogue intended as a mean to facilitate communication in social
environments and to promote cognitive and affective appraisal of events referred to
Abstract entities. As example, embodiment in internal states could be important in
experiencing those events involving concepts like “friendship”, “happiness”,
“knowledge”, and many other Abstract entities referring to social, emotional, and
cognitive events, as postulated by the Words as Social Tools theory (Borghi et al.,
2019). Our brain constantly builds modal states collecting and connecting all those
different kinds of information that are relevant for each specific experience we
encounter in our daily life (e.g., bodily, affective, social, linguistic, etc.). These modal
states are then reenacted during the processing of those words that captured relevant
features of those experiences (Barsalou et al., 2008). Thus, considering their multifaced
and inherent complex nature, Abstract concepts are thought to represent multimodal
experiences grounded in sensorimotor, social, affective, and linguistic domains which
are then integrated in situated simulations of real-life events (Barsalou et al., 2008;

Barsalou, 2009).
3.1.1. ERP components of semantic processing

Electrophysiological event-related potentials (ERP) related to the processing of
word recognition include the well-documented N400 component (Kutas and
Federmeier, 2011) and other late components (especially the late negative components
like the N700; Barber et al., 2013; Winsler et al., 2018). These components have been

observed to be affected by concreteness and other psycholinguistic and linguistics
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variables like Imageability, number of letters, or measures of phonological and
orthographical similarity with other words (Hauk et al.,, 2006). Classically, the
processing of Abstract concepts has been associated with reduced N400 and N700
components when compared to Concrete concepts. This concreteness effect has been
associated to the different amount of sensorial information that needs to be integrated
for what concern the N400 (Kutas and Federmeier, 2000; Chwilla and Kolk, 2005;
Barber et al., 2013), and to the post-lexical recruitment of imagery and working
memory processes for the N700 (Adorni and Proverbio, 2012; Barber et al., 2013;
Bechtold et al., 2018).

Noteworthy, the N400 was also found to be greater for words with high
orthographic neighborhood (i.e.,, words with similar orthographic properties) and
high lexical associates suggesting that lexical features could also be involved in the
semantic processing of single words (Laszlo and Federmeier, 2011). In fact, N400
amplitude has been observed to be associated with pattern of co-occurrences in text
corpora suggesting that such component reflects at least in part a linguistic based

representation (van Petten, 2014).

Emotional valence has been also observed to modulate semantic processing in
relation to concreteness in the late stages of word processing, suggesting that top-
down post-lexical processes are involved in the process (Pauligk et al., 2019). In
addition, a recent study on emotion-laden words processing showed that subjective
significance and emotional factors can strongly influence word processing at the
electrophysiological level throughout early and late components (Imbir et al., 2023).In
light of the literature showing modulation of N400 and N700 subtending processes of
sensorimotor integration and imagery, we suggest that an exploration of the
electrophysiological modulation of these components occurring for a large number of
psycholinguistic and experiential variables would be necessary to unfold the
sensorimotor information which are captured and recalled during conceptual

processing.
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3.1.2. Exploration of physiological internal states (HRV)

A window on the state of interoceptive system can be opened through
exploration of Heart Rate Variability (HRV). HRV is a measure of the extent to which
fluctuations in time between consecutive heart beats occur and it is thought to reflect
the state of the autonomic nervous system (Sztajzel, 2004). Different indexes of HRV
can be extracted, each one reflecting a specific physiological meaning and the
involvement of a specific branch of the autonomic nervous system (Laborde, 2017;
Pham et al., 2021). One of these indexes is the vagal tone, reflecting the activation of
the vagus nerve. As discussed in the general introduction (see section 1.9), the vagus
nerve belongs to the parasympathetic branch of the autonomic nervous system and it
is thought to be involved in the regulation of physiological responses during social
interactions and in emotional regulation (Porges, 2011). The involvement of the vagus
nerve in the processing of Abstract concepts is suggested by the reviewed literature
as this peripheral system is a functionally important portion of the interoceptive
system that is actively engaged during different interpersonal, emotional, and

introspective experiences, which are in turn thought to be crucial in the embodiment
of such concepts (Connell et al., 2018; Borghi et al., 2019). Thus, we decided to explore

whether an objective measure of vagal tone could correlate with electrophysiological
measures of words comprehension when comparing Abstract and Concrete concepts.
We will take in consideration the Root Mean Square of Successive Differences
(RMSSD) which is a measure of HRV which is thought to reflect vagal tone (Shaffer
and Ginsberg, 2017) and it was further positively associated with performances in
interoceptive accuracy (Lischke et al., 2021). Correlations between EEG signals and
HRV components were found in relation to alertness (Qi and Gao, 2020), mental
tatigue (Melo et al., 2021), or Rolandic mu rhythm (Triggiani et al., 2016). At the best
of our knowledge, no study explored the relationship between measures of
parasympathetic activity, such as the RMSSD, and amplitude of ERPs associated with
conceptual processing, such as the N400 and the N700.
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3.1.3. Internal states emerging from inside out: the OVO

Whole-Body Perceptual Deprivation chamber

As previously mentioned, a study by Villani and colleagues adopted an
interoceptive based secondary task to manipulate interoception during the execution
of a primary conceptual task (2021). The manipulation of interoception and the
exploration of its effects on cognitive functions is considered a major challenge for
current neuroscientific research (Weng et al., 2021). Currently, no study we are aware
of explored the effect of artificially altered interoceptive states on the processing of
spoken words” meaning. We aimed to induce this artificial modulation through
immersion in an altered sensory environment. Such altered sensory environment was
provided by the OVO Whole-Body Perceptual Deprivation chamber, a special room
designed to induce states of relaxation, inner directed attention, metacognitive
processes and increased interoceptive saliency, in the form of a human-sized egg. The
kind of deprivation provided by this chamber is not an absolute reduction in the level
of stimulation but rather it is better described as a reduced patterning of perceptual
stimulation (Rossi, 1969). Such reduced perceptual patterning has been observed to
promote altered states of consciosunsess, characterized by a variety of experiences like
merging of different perceptual modalities or altered time and space perception
(Glicksohn et al., 2019). The experience of perceptual deprivation have been furtherly
associated with increased internally directed attention and saliency of bodily states,
with participants reporting more perceptual phenomena resulting more prone to

report bodily sensations (Lloyd et al., 2012).

In a previous study, Ben-Soussan and colleagues (2019) observed that the
immersion in the OVO chamber would increase insular low frequency band power (<
6 Hz), suggesting that the absence of external stimulation would enhance the saliency
of bodily information from the interoceptive system. In line with this study, other

qualitative data adopting a phenomenological approach shows that the OVO chamber
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enhance the saliency on the internal state of the body and promote a state of cognitive
dedifferentiation, characterized by merging of different sensorimotor components in
complex entities (Pellegrino et al., 2023). The OVO chamber is designed to provide a
Ganzfeld-like monochromatic lighted visual field with no visuospatial references
irradiated with a uniformly colored light (Wackermann et al., 2008). For its properties,
green colored light has been chosen to provide a state of neutral relaxation in an
immersive environment (Kubel et al, 2021). The modulation of delta-to-alpha
frequencies have been often observed to subtend mechanisms involved in internally
directed attentional focus (Cooper et al., 2003; Harmony, 2013; Ben-Soussan et al.,
2019; Glicksohn et al., 2019). Crucially, some studies showed that the direction of
attentional resources towards internal states were associated with inhibition of
irrelevant sensory stimulation (Ceh et al., 2020), inhibition of sensorimotor cortices
(Cooper et al., 2003), and increased heart-beat evoked potentials, a neural correlate of
interoceptive accuracy (Petzschner et a., 2019). Noteworthy, increased activity in the
theta band, followed by increased activity in the delta band, has been observed to
subtend elicitation of N400 in a lexical decision task (Steele et al., 2013). Also, upper
theta band (6-7.5 Hz) was found to subtend the N400 component associated with the
processing of semantically different types of concepts (animate vs inanimate; Roehm

et al., 2004).

Taken together, these studies provide support to the idea that being immersed
in an environment that promotes attentional focus towards internal states could
influence increased interoceptive saliency, decreased exteroceptive saliency, and

language processing.
3.1.4. Significance of the current study and experimental
hypotheses

With the current study, we aimed to explore the effect of being immersed in the

OVO chamber on the lexical processing of spoken words on electrophysiological
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correlates of words processing. The considered ERPs are thought to reflect
sensorimotor integration (N400) and post-lexical processing in working memory (late
N700-like). We expected to observe a modulation of such components in the OVO
condition compared to a regular squared white room (henceforth, White Room) and
we expected that this modulation would have been selectively observed during the
processing of Abstract concepts. More specifically, since the exposition to the altered
sensory room would increase the saliency of internal states in terms of interoceptive
information and internal dialogue, we expect that the electrophysiological
components related to Abstract words processing would result in increased amplitude
(i.e., more negative) N400 and late N700-like components. As an alternative
hypothesis, the immersion in the OVO chamber would not just increase the saliency
of internal states but it would also reduce the saliency of exteroceptive information
inhibiting the sensorimotor system (Cooper et al., 2003), thus reducing the amplitude
of ERPs related to Concrete concepts processing. In both cases we hypothesized a
greater similarity in terms of ERP, that is a reduced difference between the amplitude
observed language related ERPs between Abstract and Concrete concepts. Moreover,
we expected to find a correlation between the differential amplitude of Abstract and
Concrete concepts as a function of vagal tone, as literature suggested that the

parasympathetic nervous system could be involved in Abstract words processing.

3.2. Methods

3.2.1. Participants

A total of 20 participants have been enrolled in the study (mean age = 28.9; SD =
8.77; Males/Females ratio = 10/10). All participants were right-handed and had normal
or corrected-to-normal vision. Several studies adopting similar cluster-based
permutation analysis in context of exploring linguistic material have similar sample
size (~20 participants included in the final analysis; Bechtold et al., 2023; Rahimi et al.,
2022; Farahibozorg et al., 2022; Straufs et al., 2014; 2015; Popp et al., 2016). Exclusion
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criteria for enrollment were the presence of symptoms related to at least one among
claustrophobia, mild-to-strong anxiety, and mood disorders. The rationale behind the
selection of these exclusion criteria was that the OVO-WBPD chamber that was used
to promote altered sensory states is a small room in which the particular sensory

experience could trigger anxious reaction in susceptible participants.

3.2.2. Stimuli

The target words were selected among the stimuli used in experiment 1. The first
selection included 40 concepts (20 Abstract and 20 Concrete) selected on the basis of
their number of syllables. Then, the final set of 36 words was selected according to
their psycholinguistic features. Psycholinguistic norms for Italian language were
extracted from the Phonltalia database which report norms for more than 120000
Italian lexical items (Goslin et al., 2014). In the current study, we finally adopted 16
Abstract words, 16 Concrete words, and 4 Pseudowords (see Table 9). Words for
Abstract and Concrete concepts were balanced in terms of different psycholinguistic
variables that could affect our outcomes, such as number of letter (AC =7.37, CC=7.56;
p = .68), number of phonemes (AC =7.31, CC=7.37; p = .88), phonological uniqueness
point (AC = 4.75, CC= 6.62; p = .50), phonological neighborhood size (PhonN; AC =
2.06, CC= 231; p = .68), and phonological neighborhood density measures as
Phonological Levensthein Distance (PLD; AC =2.25, CC=2.15; p =.50).
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Abstract words Concrete words Pseudowords

1. Justice 1. Metal 1. Catipo
2. Idea 2. Bottle 2. Merello
3. Hope 3. Elephant 3. Tolluca
4. Silence 4. Hammer 4. Lofita
5. Nostalgia 5. Coin

6. Conscience 6. Pencil

7. Happiness 7. Horse

8. Love 8. Sugar

9. Infinity 9. Violin

10. Destiny 10. Cheese

11. Curiosity 11. Salad

12. Activity 12. Mosquito

13. Honor 13. Waterfall

14. Salvation 14. Steak

15. Symbol 15. Pillow

16. Logic 16. Candy

Table 9. Words included in the current study (translated in English).

In line with the general suggestions in the literature, the pseudowords included
in the study were created by phonologically plausible combination of syllables from
the Abstract and Concrete concepts” words included in the study and, like most of the
other words, were composed by three syllables. The final four pseudowords included
in the study were: catipo, merello, lofita and tolluca. Spoken words were used in the
current study. Differently from most of the studies about exploring ERPs in word
recognition tasks that adopted visual presentation of stimuli, we decided to use
spoken words because it was not possible to provide an immersive experience in the
deprivation room while looking at a screen. Words included in the final datasets were
composed of three (N = 24) or four syllables (N = 8). All words were recorded by a
male voice in a sound attenuated room through a steady Shure SH200 microphone,
with a sampling rate of 44.1 kHz, using the Audacity software (Audacity Team, 2021).
Average word duration was 702.41 milliseconds with a standard deviation of 72.97
milliseconds. After recording, each word was stretched using the Praat software
(Boersma and Weenink, 2023) in order to last exactly 700 milliseconds without
affecting the pitch. In this way, we assured that the presentation of each word ended

exactly at 700 milliseconds after stimulus onset, thus eliminating duration as a
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possible confounding variable (see Ferrand et al, 2017). Stimuli and EEG triggers were

presented using E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA).

3.2.3. Experimental procedure

First, participants were asked to provide some basic information about their
visual acuity and habits that could affect experimental outcomes and measurements
such as average hours of sleep, coffee and cigarette consumption, and eventual
experience with meditation practices. Then, the Italian translation of the short version
of the Bodily Awareness scale of the Body Perception Questionnaire were
administered to address participants’ self-report bodily sensitivity to bodily functions
(Cerritelli et al., 2021). After BPQ, participants were asked to rate each of the words
included in the study for their imageability, emotional arousal, emotional valence, and
for their perceptual components adopting the Perceptual Strength ratings.
Imageability was addressed by responding to a Likert scale having “very easy to
imagine” and “very difficult to imagine” as opposite poles on a 1-to-7 continuum
(Altarriba et al., 1999). Emotional arousal and valence were addressed using the non-
verbal scale of the Self-Assessment Manikin (Bradley and Lang, 1994). Then,
participants rated each concept for their perceptual component on a 1-to-7 scale
version of the Perceptual Strength rating test (Lynott and Connell, 2013) on different
perceptual modalities: Vision, Hearing, Touch, Taste, Smell and, most importantly for
the current study, Interoception (operationalized as “feelings from inside the body”;

Lynott et al., 2020).

After this preliminary behavioral data collection, and after the montage of the
system for electrophysiological measures (for details see paragraph 2.4), participants
were asked first to rest in a sit position for a total of ten minutes and then to perform
a Lexical Decision Go/No-go task (LDT). The resting state phase served as
acclimatation to let the participants feel comfortable and habituate them to the
environment. In the LDT, participants were instructed to respond to uncommon

meaningless pseudowords (15% of trials), and to not respond to common meaningful
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words (75% of trials). In this way, we assured that participants would have paid
attention to critical stimuli (i.e., meaningful words) allowing the observation of lexical
processing without the influence of motor response on the EEG signal. The LDT task
was repeated three times in each of the two rooms (see Figure 11.a). This allowed to
have a reliable number of repetitions for time-locked event related EEG analysis
(Luck, 2014). In the end, we collected 48 trials associated with Abstract concepts and
48 trials associated with Concrete concepts for each room. Each trial was composed of
700 ms of auditory word presentation and an additional random inter-trial interval
ranging from 1500 to 2000 ms (see Figure 11.b). So, the final duration of each trial
randomly ranged from 2200 to 2900 ms. Participants were instructed to respond to
pseudowords by moving their right index finger as fast as possible in the more
accurate way. The order of room was counterbalanced across participants and each
participant remained in each room for no more than 16 minutes, with approximatively
5 minutes and a half of which were occupied by the LDT performance.

a. ovO White Room b.

Spoken target words:
» Meaningful words {(~75%); No-Go
¥ Pseudoword (~15%): Go

‘ » Target Word duration  Inter-trial interval
v 700 ms 1500~2000 ms
|

I Lexical Decision

@Q

Figure 11. Schematic of the two environmental conditions adopted in the current study (a). Example of a single trial (b).
Acronym used to describe the data collected by the electrodes showed in the panel a: EEG = electroencephalography; EKG =
electrocardiography; EMG = electromyography.

=P
Speaker

Speaker

After completion of the LDT task in both rooms, a semi-structured interview was
administered to each participant with the aim to collect phenomenological data on the

experience in both environments (not reported in the current manuscript).

3.2.4. EEG and HRV recording

As for electrophysiological measures, an EEG cap for measuring cerebral
electrophysiological activity, one bipolar electrode on the chest for measuring Heart
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Rate Variability, and one bipolar electrode on the right wrist to record EMG activity
related to the movement of the index finger as a response for the Go/No-go task were
adopted. Crucially, the collection of responses provided through the movement of the
right index finger was chosen because we wanted to maximize the immersive effect
of the OVO chamber by avoiding the presence of any external device for data

collection, such as buttons or keyboards.

All data were recorded through an EEGoSports mobile EEG system from ANT
Neuro (Enschede, Netherlands) with a sample rate of 1000 Hz and a digital high-pass
filter of 0.01 Hz. The cap adopted in the study was a 32 silver-silver chloride (Ag/AgCl)
electrodes WaveGuard cap with a 10/10 layout. The electrode CPz was used as the
online reference. A conductive gel was then injected between the cap and the scalp in
order to reduce the impedance and improve the signal transmission to the electrodes.

Impedance was kept below 5k(2 for all recordings.

The bipolar electrode for collecting finger responses was placed on the right
wrist with the negative pole on the bone on the internal side of the wrist and the
negative pole on a spot on the external side of the forearm. The position of the positive
pole was identified by asking the participant to move the right index finger and
scanning the spot with the most prominent muscular contraction by visual and tactile
inspection. The bipolar electrode for the recording of heart beats was placed with the
negative pole on the upper part of the sternum (or on one clavicle in case of chest hair
for the best adherence of the pad) and the positive one positioned approximately in
the middle of the left ribs. The quality of the heartbeats and EMG signals were visually

evaluated by two researchers before the start of each recording.

3.2.5. Analysis

3.2.5.1. Behavioral data analysis

Abstract and Concrete words were compared for their Imageability, Valence,

Arousal, and Perceptual Strength Ratings modalities (i.e., Vision, Hearing, Touch,
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Taste, Smell, and Interoception) using a set of Bonferroni adjusted t-tests (o = 0.05/9 =

0.005).

In order to test whether perceptual strength ratings could predict
psycholinguistic variables scores, the scores obtained from all perceptual modality in
the Perceptual Strength ratings were entered in a set of multiple regressions having
Imageability, Arousal and Valence as the dependent variable. Additionally,
Abstractness/Concreteness scores were assigned to each word according to the ratings
obtained in study 1 and used as a dependent variable to observe which modality
would predict such ratings. We didn’t collect Abstractness/Concreteness ratings from
the participants enrolled in this study because we did not want to influence the EEG
data collection by cueing participants in thinking about the words for their
Abstractness/Concreteness dimension. Importantly, Valence and
Abstractness/Concreteness ratings were centered as the two poles of each variable
represented two opposite qualities resulting in meaningless zero-points: Positive and
Negative were the poles for Valence, Abstract and Concrete were the poles for
Abstractness/Concreteness (Dalal and Zickar, 2012). Bonferroni correction was
applied to control for multiple comparisons (a =0.05 /20 =0.0025). Adjusted p-values

will be reported in the current manuscript.

3.2.5.2. EEG preprocessing

EEG data were downsampled from 1000 Hz to 200 Hz. Line noise was cleaned
using ZapLine (Klug and Kloosterman, 2022). First, data were high-pass filtered at 0.5
Hz using a kaiser filter ( = 4.98, passband ripple = 0.002, order = 1604). Then, EEG
signals were re-referenced to a common averaged reference and epoched from -0.5 to
+2 seconds in relation to words onset. No low-pass filtering was adopted in order to
avoid any possible distortion in the data and to avoid reduction of the high-frequency
signal related to muscular activity in this step. In fact, muscular, eye-related, heartbeat,
and other artifacts were then identified and excluded using the Independent

Component Decomposition provided by the AMICA toolbox (Palmer et al., 2012).
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Then, non-cerebral sources of EEG signal were identified through visual inspection of
topographic distribution, time course, distribution of time-locked deflections, and
spectral power. Additionally, probabilistic estimation of source with ICLabel was
used to help the classification and identification of artifactual components (Pion-

Tonachini et al., 2019).

After selection of artifactual independent components, raw data was loaded
again. Then, line noise was excluded, a 0.1 Hz high-pass and a 30 Hz low-pass kaiser
tilters were applied, and data were re-referenced to a common average. Then, ICA
weights from the first pre-processing procedure were applied to the new dataset and
the artifactual independent components identified in the previous step were excluded.
The exclusion of artifactual components from the data in two different steps was done
because the ICA decomposition is particularly sensitive to low frequency oscillations
(<0.5 Hz; Klug and Gramann, 2021), while the target components of our study (e.g.,
N400 and N700) have been observed to be attenuated when the low-pass filtering is
greater than 0.3 Hz (Tanner et al., 2015). Consequently, in order to perform a reliable
ICA decomposition and to avoid distortion of the components of interests we used
two different preprocessing steps, one aimed at extracting ICA weights using a 0.5 Hz
high-pass filter, and a second one filtered at 0.1 Hz on which the ICA weights

previously adopted were applied (for a similar approach see Visalli et al 2021).

3.2.5.3. ERP analysis

The first data analysis was conducted using the FieldTrip toolbox in MATLAB
(Oostenveld et al., 2011). We performed nonparametric cluster-based permutation
analysis with the specific aim to test the differences between Abstract and Concrete
words’ electrophysiological correlates in the OVO chamber and the White Room.
Independent T-test comparisons allowed us to examine significant differences
between types of word in the two rooms without assuming a priori region of interests
or time windows. In our case, this feature was particularly useful as very few studies

explored spoken word comprehension and the few studies adopted showed
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variability in the pattern of ERP timing in comparison to the larger number of studies
on written words (see for examples Hunter, 2013; Dufour et al., 2013; Winsler et al.,

2018).

Spatiotemporal clusters reaching the threshold for significance were obtained for
each electrode-time sample, testing all the 32 electrodes and a time window ranging
from the onset of stimulus to 2 seconds after the stimulus onset. This allowed us to
observe potential unexpected effects in non-conventional time-windows adopted in
studies on conceptual processing. The distance method with a maximum distance of
10 mm and the maximum sum of cluster-level statistics were adopted to identify the
clustering solutions. The minimum acceptable cluster dimension was two neighboring
electrodes. The Monte Carlo method with 1000 random permutations was adopted to

test statistical inferences and avoid multiple comparison issues (Ludbrook, 1994).

Following the results from the cluster-based permutation analysis, we further
analyzed ERP amplitudes controlling for different psycholinguistic variables in R
Studio. Clean EEG single-trials epochs time-locked to the onset of each target (-200 ~
2000 ms) were exported for each single participant. In a first step, the event-related
components of interests were identified according to the results obtained in the
cluster-based permutation analysis, according to the relevant literature, and through
a visual inspection of the ERP time course. The final components and their respective
time windows included in the analysis were: N400 (500~550 ms), and a late N700-like
time window (1700~1800 ms). The late N700-like component was found to be
significantly increased in Abstract concepts in the OVO chamber in the previous
cluster-based analysis and thus it was included in the second analysis to explore
whether other psycholinguistic variables could be involved in its modulation. In the
cluster-based permutation analysis, the N400 was observed to be related to
concreteness regardless of the room. Then, it was included in the second analysis to
explore whether the interaction with the room could reveal to be sensitive to

psycholinguistic variables included as continuous factors. In fact, the second analysis
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was conducted because we suggest that the continuous factor could capture some
more nuanced effects in the modulation of ERP components which could have not
been observed in analysis adopting categorical factorial distinction like the first one.
Since inter-subjective differences are of greater relevance in psycholinguistic studies,
we adopted a mixed multilevel modelling approach (for a similar approach see
Winsler et al., 2019). This approach allows to address the influences of multiple
variables of interest while controlling for potential collinearity issues (see Winsler et
al., 2019; Payne et al., 2015). Additionally, this approach allowed to account for both
inter-item and inter-subject variance in the analysis without losing possibly
informative data through averaging (Sacchi and Laszlo, 2016). Since the N400
concreteness effect has been typically found to be stronger for central and midfrontal
electrodes (Winsler et al., 2019; Barber et al., 2013; Lee and Federmeier, 2008; Welcome
et al., 2011), we decided to focus our analysis on a frontocentral ROI composed by Cz,
FC1, FC2, and Fz averaged amplitudes. Amplitudes of the N400 and late N700-like
components were modeled separately using the Imer function (Ime4 package). Room
(OVO vs White Room), and Order of rooms (OVO first vs White Room first) were
included in the model as categorical fixed effects to test for experimental condition
and to control for potential influence of order, respectively. Imageability, Valence,
Arousal, Abstractness/Concreteness, and Interoception, were entered as continuous
fixed effects. Double interactions of Imageability, Valence, Arousal,
Abstractness/Concreteness, and Interoception with Room, as well as the Room by
Order interaction, were also included in the model to address differences between
experimental conditions. A parsimonious random effect structure was modeled since
the maximal random effect structures have been observed to possibly cause
overfitting and/or convergence issues (Bates et al., 2015), or having negligible effects
on data analysis in ERP studies (Stites and Laszlo, 2015). So, subjects and Items were
included in the model as random intercepts. More complex random effects’ structures
(e.g., Items varying slopes for each Subject, or inclusion of by-Subject varying slopes
for any of the fixed effect) were tested and led to convergence issues. Main effects and
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interactions in each model were tested using the Anova function of the car package
adopting the Wald Chi-Squared statistical test (x?). Post hoc analysis for significant
main effects and interactions were conducted using the emmeans (for categorical
variables) or the emtrends (for continuous factors) function from the emmeans
package. Test of slopes for significant effects of continuous variables was computed
using confidence intervals, in which when the null value (i.e., slope coefficient = 0) is
not included between the upper and lower confidence interval then the slope

coefficient is to be considered different from a null coefficient (Aiken et al., 1991).

3.2.5.4. HRV analysis

First, time intervals between consecutive heartbeat peaks (R-R intervals) in the
task period were extracted separately for the White Room and the OVO experimental
conditions. Then, Heart Rate Variability measures were computed using the Kubios
software (Kubios HRV Standard, Version 3.0.0; Tarvainen et al., 2014). We extracted
an index which has been observed to be associated with vagal tone, namely the Root
Mean Squared of Successive Differences between heartbeats (RMSSD). The RMSSD
values have been normalized through logarithmic transformation (Shapiro Wilk
normality test post transformation results were RMSSD WhiteRoom: W = .97, p =.79;
and RMSSD OVO: W = .95, p = .44).

3.2.5.5. Correlations of HRV indexes and ERP components

An index representing the difference in amplitude between Abstract and
Concrete concepts was computed separately for each participant and each room. This
index was named AConcreteness and it was computed for each of the component of
interest (i.e., the N400 and N700-like). Negative scores of AConcreteness indicated that
the amplitude for Concrete concepts was greater than the one for Abstract concepts,
while positive scores indicated the opposite pattern. We computed a set of Pearson
correlation of the AConcreteness amplitude with the log transformed RMSSD index
with the aim to observe whether the differential amplitude between Abstract and
Concrete concepts would be associated with an index of vagal activity.
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3.3. Results

3.3.1. Behavioral results

In the following section, results regarding the comparison of Concrete and
Abstract concepts in Imageability, Arousal, Valence, and Perceptual Strength ratings

will be discussed. All p-values are Bonferroni corrected.

3.3.1.1. Comparisons of ratings for Abstract and Concrete concepts

Concrete concepts obtained significantly greater ratings for Imageability (CC =
6.65, AC = 5.31, p <.001) and all exteroceptive modalities in the Perceptual Strength
ratings (Vision: CC = 6.32, AC =4.29; Hearing: CC =4.68, AC = 3.80; Touch: CC = 5.46,
AC =3.10; Taste: CC =3.70, CC = 2.47; Smell: CC =3.65, AC =2.42; all p <.001). On the
contrary, Abstract concepts obtained significantly greater ratings for Arousal (CC =
2.49, AC=3.28, p<.001), Valence (CC =-.14, AC = .14, p <.05), and Interoception (CC
=3.35, AC=5.16, p <.001).

3.3.1.2. Imageability, Arousal, Valence, and Abstractness/Concreteness by

Perceptual Strength ratings

Imageability ratings were significantly predicted by Vision [ = .11, t-value =
3.27, p < .05, np?=.02] and Touch [ = .12, t-value = 3.50, p < .01, np?= .02]. Arousal
ratings were significantly predicted by Hearing [ = .08, t-value = 3.14, p < .05, n)p*=
.02], Taste [ = .09, t-value = 3.02, p <.05, np?>= .02], and Interoception [P = .15, t-value
= 6.17, p < .001, np? = .06]. Abstractness/Concreteness ratings were significantly
predicted by Vision [ = .14, t-value = 5.55, p <.001, np?>=.05], Touch [3 = .18, t-value =
7.94, p <.001, np?=.09], and Interoception [} = -.21, t-value = -11.07, p <.001, np?=.17].
Valence ratings were not predicted by any of the perceptual modalities included as

regressors (all p > .46).
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3.3.2. ERP results

3.3.2.1. Cluster-based permutation analysis results

The cluster-based permutation analysis on the Concreteness effect comparing
Abstract and Concrete concepts beyond room showed a significant difference in a
frontal cluster in the 500-560 time-window with Abstract concepts showing higher
(i.e., less negative) amplitude compared to Concrete concepts (mean amplitude AC =
-0.13 puV, mean amplitude CC = -1.05 pV, differential = -0.91 uV, p = .02, cluster

statistics = 387.20; see Figure 12). Direction, topographic distribution, and latency are

compatible with the N400 component.
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Figure 12. The upper panel shows the time course of the ERP showing the difference between Abstract and Concrete concepts.
Time windows in square brackets are expressed in seconds. Scalp distribution for the time window that showed significant
differences is enlarged. The electrodes that showed significant differences related to words’ type are highlighted with white
asterisks and their averaged amplitude is shown in the bottom panel. * = p <.05.

The cluster-based permutation analysis comparing Abstract and Concrete

concepts in the White Room showed no significant results (all p > .25).

The cluster-based permutation analysis comparing Abstract and Concrete

concepts in the OVO showed a significant effect of word type in the 1700-1800 time-
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window, with Abstract concepts showing a greater centroparietal negativity

compared to Concrete concepts (mean amplitude AC =-0.53 uV, mean amplitude CC

=0.46 uV, differential = 0.99 uV, p =.009, cluster statistics = -566.29; see Figure 13).

mean{Cz, CP1, CP2)
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Figure 13. The upper panel shows the time course of the ERP showing the difference between Abstract and Concrete concepts
in the OVO chamber. Time windows in square brackets are expressed in seconds. Scalp distribution for the time window that
showed significant differences is enlarged. The electrodes that showed significant differences related to words’ type are
highlighted with white asterisks and their averaged amplitude is shown in the bottom panel. ** = p < .01.

3.3.2.2. N400 component related to continuous Abstractness/Concreteness
ratings

A significant main effect of Abstractness/Concreteness in the N400 time window
[x2=5.46, df =1, p <.05]. Also, a main effect of Order of the rooms were observed [x?
=4.55, df =1, p <.05]. Significant Room x Abstractness/Concreteness [x2=4.39, df =1,
p < .05] and Room x Imageability interactions have been found [x?>=6.21, df =1, p <
.05].

Post-hoc analysis on the main effect of Abstractness/Concreteness mirrored what
observed in the first analysis, with amplitudes of the N400 component was associated

with Abstractness/Concreteness (3 = -.23; Figure 14.a), 95% CI [lower = -.42, CI upper
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=-.03], with greater concreteness ratings associated with greater negative amplitudes.
Post-hoc for the main effect of Order showed that amplitudes for N400 were generally
lower when participants started with the OVO chamber (mean amplitude = -.39 uV)
rather than when they started with the White Room (mean amplitude = -1.62 uV;
difference = -1.22, df = 18, t = -2.13, p < .05; Figure 14.b). However, the interaction of
Room x Order was not significant (p = .82), suggesting that the effect of Order did not

vary in the two rooms.

Post-hoc analysis showed that the slope representing the amplitudes of the N400
component related to Abstractness/Concreteness in the White Room was significantly
different from the slope in the OVO chamber (Bwhite Room = -.31, Bovo = .01, df =1217, t =
-2.36, p < .05). Specifically, the 95% confidence interval analysis showed that the
negative slope related to Abstractness/Concreteness ratings in the White Room was
significantly different from zero, 95% CI [lower = -.11, upper = -.50], while the slope
related to the OVO chamber was not, 95% CI [lower = .19, upper = -.19]. This means
that in the White Room we observed the classical well-established N400 Concreteness
effect with a proportional increase of the N400 amplitude in relation to words’
concreteness, while in the OVO chamber this effect disappeared showing no
differences related to Abstractness/Concreteness (see Figure 14.c). Post-hoc analysis
for the Room x Imageability interaction showed a significant difference between
slopes describing the amplitude of the N400 in the two rooms [Bwhite Room = .13, Bovo = -
.09, df = 1216, t = 2.18, p < .05]. However, neither of the two rooms showed a slope
reliably different from zero, suggesting an elusive effect of imageability on the N400
amplitude (White Room: 95% CI [lower = .28, upper = -.02], OVO: 95% CI [lower =.06,
upper = -.24]; see Figure 14.d).All other main effects or interactions in the N400 time

window were not significant (all p > .08).
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Figure 14. Plots representing significant main effects and interactions related to the amplitude of N400.
AbsConc = Abstractness/Concreteness, WR = White Room, OVO = OVO chamber. * = p < .05.

3.33.2. Late N700-like component related to continuous
Abstractness/Concreteness ratings

A significant Room x Abstractness/Concreteness [x?> = 6.99, df = 1, p < .01]
interaction have been found in the late N700-like time window. Post-hoc analysis
showed that the slopes describing the N700-like amplitudes in relation to
Abstractness/Concreteness for the two rooms were statistically different [Bwhite Room = -
.07, Bovo = .43, df = 1216, t = -2.64, p < .01]. Specifically, we observed a strong positive
slope associating Abstractness/Concreteness and N700-like amplitude in the OVO
chamber, suggesting that concepts rated as more abstract were associated with greater
N700-like amplitude, 95% CI [lower = .16, upper = .71], while the slope related to the
White Room was not reliably different from zero, 95% CI [lower = -.34, upper = .20]
(see Figure 15). All other main effects or interactions in the late N700-like time window

were not significant (all p >.07).
Room x Abstractness/Concreteness interaction

Amplitude [pV]

Figure 15. Plot representing the significant Room x Abstractness/Concreteness interaction related to the amplitude of the late
N700-like component. AbsConc = Abstractness/Concreteness, WR = White Room, OVO = OVO chamber. * = p <.05.
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3.3.3. HRV results

No significant differences were found comparing the RMSSD index between the
two rooms (p > .99). No significant correlations were observed between the RMSSD
index and the AConcreteness amplitude for what concern the N400 and the N700-like

components in any of the two rooms (all p >.31).

3.4. Experiment 2 Discussion

The aim of the current study was to explore the effects of being immersed in an
altered sensory environment on the electrophysiological correlates of spoken word
comprehension. The OVO chamber employed in the current study was designed to
promote relaxation and increase saliency of internal states, while stabilizing and
reducing the sensory stream coming from the external environment (Ben-Soussan et
al., 2019). Considering the postulated importance of interoception, internal states, and
related functions (like inner speech and metacognition; Shea, 2018; Borghi et al., 2023)
in the processing of Abstract concepts, we hypothesized increased ERP components
related to the semantic integration during processing of Abstract words in the OVO
chamber, resulting in a reduced difference of N400/N700 amplitude between Abstract
and Concrete concepts in the OVO chamber. An alternative concurrent hypothesis
was that the reduced salience of exteroceptive stimulation would result in a reduced
amplitude in relation to Concrete concepts processing in the OVO chamber. In both
hypotheses, a reduction of the difference between ERP’s amplitude associated with

Abstract and Concrete concepts processing was the main expected result.

A first analysis showed a significant main effect of Concreteness with Concrete
concepts showing greater negativity compared to Abstract ones over frontocentral
electrodes at 500~550 ms from stimulus onset. This N400 was similar in terms of
latency to the one reported by other studies exploring spoken word recognition
(Dufour et al., 2013; Winsler et al., 2018). Also, a greater late negative deflection for

Abstract concepts compared to Concrete concepts in the OVO chamber in a late time-
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window ranging from 1700 to 1800 ms post-stimulus onset. Such late centroparietal
component appeared to arise at around 1000 ms after stimulus onset and it became
significant in a much later time-window. This component resembled the negativity
observed in other studies (e.g., Barber et al., 2013; Winsler et al., 2018) even though in

a later time window and so we called it late N700-like.

The subsequent analysis adopting linear mixed modeling of multiple continuous
variables as factors showed the classical concreteness effect in the N400 time-window
appearing both as a main effect (as previously observed) and in interaction with room.
In detail, the N400 effect for Abstractness/Concreteness was found only in the White
Room while it resulted not significant in the OVO. Similarly, we have found a
modulation of the late N700-like activity related to Abstractness/Concreteness
variable in the OVO with words close to the Abstract end of the continuum eliciting a
larger negativity compared to words on the Concrete pole of the continuum, mirroring

what observed in the first analysis.

Interestingly, we further observed a modulation of the N400 in relation to
imageability. In detail, we observed a difference between rooms concerning the N400
amplitude in relation to the imageability, as words with low imageability showed a
lower N400 in the OVO chamber and a greater N400 in the White Room, while, on the
other hand, words with high imageability showed similar amplitudes across rooms
(see Figure 3). The effect observed in our study was not particularly robust as the
single slopes representing the N400 modulation in each room were not reliably
different from a null slope, despite their difference was observed to be significant.
However, this was an unexpected result since words with high imageability have been
usually reported to elicit a larger N400 compared to words with low imageability (e.g.,
Nittono et al., 2002; Swaab et al., 2002). At the best of our knowledge, one study
reported a result similar to what we observed. Specifically, words with low cohorts
(i.e., words whose first syllable make their processing easier as few other words that

starts with the same syllable) were found to elicit stronger activation in the left
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Superior and Medial Temporal Gyrus during processing of words with low
imageability compared to highly imageable words (Zhuang et al., 2011). This effect
was associated with the fact that the lower competition associated with the
phonological word form reduced the need for a deeper activation of visual imagery
for their processing in a lexical decision task. In the current study, we controlled our
stimuli for Phonological Neighborhood Density and Phonological Levenstein
Distance but not for cohort competition. Further studies are needed to explore
whether the other psycholinguistic variables such as the cohort dimension or other
measures of ease of processing could affect the direction of the N400 imageability

effect in tasks involving spoken word comprehension.
3.4.1. N400 results

In line with our hypothesis, we observed a classic N400 concreteness effect in the
white room, while such effect disappeared in the OVO chamber. Specifically, we
found a strong reduction of the N400 amplitude for Concrete concepts comparing the
two rooms. The flattening of the N400 for Concrete concepts in the OVO could be
interpreted in terms of an increased attention on inner states and a contextual
reduction of saliency of exteroceptive modality. As previously stated, the N400 is
thought to reflect a process of integration of sensorimotor information retrieved to
activate meanings during lexical recognition (Kutas and Federmeier, 2000; Chwilla
and Kolk, 2005; Barber et al., 2013). The direction of attention towards the external
environment is less demanding in terms of attentional effort than directing attention
towards internal states to collect interoceptive sensations (Garcia-Cordero et al., 2017).
We suggest that the immersion in the OVO chamber promotes effortless internally
directed attention, thus increasing the saliency of inner states (e.g., interoceptive
sensations, self-generated multimodal imagery, and metacognitive processes). One
could argue that increasing the saliency of inner states, including interoceptive
sensations, would determine a reversed N400 concreteness effect with Abstract
concepts showing greater amplitude over Concrete ones. However, Barber and
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colleagues observed that the amount of affective and linguistic features did not
influence the N400 amplitude, even when other features (e.g., imageability and
context availability) were controlled (Barber et al., 2013). This observation was found
together with improvements in behavioral performance in processing Abstract words,
suggesting that the N400 could reflect a specifically perceptually oriented process of
semantic integration which do not capture other semantic dimensions like the
activation of situational, affective, and linguistic representation of words meaning. On
the other hand, we interpret the observed reduction of N400 for Concrete concepts as
aresult of attentional disengagement from exteroceptive information which is thought
to operate through inhibition of sensorimotor cortices (Cooper et al., 2003; Harmony,
2013). Considering the prevalently sensorimotor nature of the information required to
process Concrete words, the disengagement from perception coming from
exteroceptive modalities could reduce the saliency of perceptual features retrieval
during words processing. This would in turn favor the retrieval of other experiential
dimensions overarching the sensorial domain, like complex multimodal situational

simulation (Barsalou et al., 2008).

In fact, the reduction of N400 for Concrete concepts in the OVO chamber could
be further explained in terms of a mechanism called “cognitive dedifferentiation”
(Werner, 1978). Recently, experience of immersion in the OVO chamber has been also
associated with altered perceptual experiences, like synesthesia (Pellegrino et al.,
2023). The altered sensory environment inside the OVO would promote a state that
causes the merging of environmentally gathered and internally generated sensory
information in multimodal representations in a process of cognitive dedifferentiation.
Cognitive dedifferentiation refers to a state in which one can experience less detailed
and blurred perception of time and space, as well as merged perception of: (3) sight
and sound (i.e., synaesthetic experience); (4) imagination and apprehension (5) affect
and perceptual information and (6) mental and bodily experiences (Werner, 1978).

This mechanism could be of particular interest during the elaboration of complex
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multimodal concepts like Abstract ones and, as observed in our data, reduce the
amount of available modality-specific perceptual information required to process

Concrete concepts.
3.4.2. Late N700-like negative component results

We observed significant increased late negative N700-like deflection during the
processing of Abstract concepts in the OVO chamber, while no differences related to
Abstractness/Concreteness were observed in the White Room. The significant
difference in the OVO chamber was found specifically in the time-window ranging
from 1700 to 1800 milliseconds after words” onset. However, visual inspection of ERPs
waveform shown a long-lasting sustained negativity for Abstract that had its onset at
around 1000 ms and lasted until the end of the trial suggests an involvement of post-
lexical processes of imagery. We can argue that immersion in the OVO would facilitate
the emergence of complex multisensory imagery processes following access to words’
meaning. Different studies suggested that such a late negative activity would be
particularly associated with imagery in the visual domain (Farah et al., 1988; Welcome
et al., 2011). The involvement of visual imagery during the processing of Abstract
concepts has different implications. As already suggested, this would support the idea
that the altered sensory environment could affect how words are processed by
suppressing exteroceptive modality-specific saliency and favoring the merging of
multimodal information in working memory at a post-lexical stage. However, it is
important to note that the participants involved in this study rated some Abstract
concepts with very high imageability ratings (e.g., Happiness, or Love), underlining that
imageability and Abstractness/Concreteness reflect different constructs (Dellantonio
et al., 2014). Interestingly, the fact that we did not find a modulation of the late N700-
like component by Imageability could be furtherly related to the fact multiple
regression analysis showed that Imageability ratings were strongly associated with
Vision and Touch modalities only, while Abstractness/Concreteness ratings revealed
to be associated with Vision and Touch, plus Interoception. Thus, we argue that
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Abstractness/Concreteness ratings reflect a complex construct that captures aspects of

sensorimotor information that are not captured in other variables, like Imageability.

Most of the Abstract words included in the study represented socially relevant
concepts, emotion-laden words, and mental state concepts, all concepts that easily
relate to first-person subjective relevant experiences. The increased saliency on
internal state operated by the OVO chamber immersion could enhance the saliency of
affective information carried by Abstract concepts, thus facilitating the automatic
retrieving of personal memories associated with their meaning in a vivid manner. In
fact, semantic memory and autobiographical memory are thought to be tightly related
(Renoult et al., 2019), and this interpretation is furtherly in line with studies on the
effect of emotion-laden stimuli in memory retrieval tasks (Buttafuoco et al., 2018;

Ballot et al., 2022).

Noteworthy, we haven’t found any significant direct modulation of ERP
components in relation to psycholinguistic variables (e.g., Phonological Distance or
Phonological Neighborhood Density) or affective components (e.g., Arousal, Valence,
or Interoception ratings), as other research evidenced. This could be due to the fact
that we used a small set of words aimed at exploring mostly the abstract — concrete
distinction. Studies designed to address specific differences related to linguistic
and/or emotional dimensions should adopt set of words targeted at exploring these
particular aspect (e.g., Imbir et al., 2023), or very large set of words providing a good

sampling of the words’ psycholinguistic features of interest (Winsler et al., 2018).

3.4.3. Vagal tone and electrophysiological correlates of words

comprehension

Another aim of the current study was to observe whether an objective
measurement of vagal activity would show differences between rooms and
correlations with electrophysiological activity. We did not observe significant

differences between the two rooms in terms of RMSSD, nor a correlation of RMSSD
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with the electrophysiological correlates of Abstract vs Concrete word processing. We
suggest that increase of the sample size would be crucial to obtain reliable results in
relation to HRV as a well-powered study (80%) designed with medium expected effect
size would require at least 61 participants (Quintana, 2017), which is the triple of the

current sample.
3.4.4. Novelty of the current study

The results observed in the current study are of particular importance for two
main reasons. The first is that results point out that the electrophysiological activity
related to Abstract and Concrete concepts processing is both environment- and
content-dependent. Environment-dependent features of words processing include
bodily states and modulation of attentional resources, while content-dependent
features include the source of experiences underlying words” meaning, either

sensorimotor, social, affective, or linguistic.

The second particularly important result is that we provided some hints on the
possibility to manipulate the interoception-cognition coupling through manipulation
of environmental features. Recent scientific efforts have been made in the direction of
finding ways to manipulate interoceptive states with the aim of exploring effects on
cognition (Weng et al.,, 2021). However, the proposed interventions aimed at
modulating interoception would require voluntary efforts from participants (as in the
case of meditative trainings suggested by Weng and colleagues), somatosensory
interfaces (Schoeller et al., 2019), or vagal nerve stimulation (Paciorek and Skora, 2020)
which could be invasive and/or harmful. The modulation of interoception using
specifically designed room, like the OVO chamber involved in the current study, is a
non-invasive and effortless methodology that, considering our current results, could
be used to explore the relationship between interoception, cognition and emotional

experiences.
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3.4.5. Limitations and future studies

Different limitations of the current study can be identified. The first limitation is
that in order to promote a fully immersive experience in the OVO chamber,
participants should theoretically focus on their inner state without the influence of
any external stimulation or task performance. However, we were forced to disrupt the
experience of absorption in the OVO chamber to provide experimental stimuli. For
the same reason, we tested the differences between types of concepts using a very
simple and shallow test. In fact, the adoption of a decision task requiring deeper
semantic processing would have had a negative impact on the immersion in the
experience of the OVO chamber. Future studies could be designed to address the effect
of deprivation room on deeper aspects of semantic processing with different

paradigms.

Further limitation occurred in the study is that we had to calibrate the number
of words and repetitions in order to have a sufficient number of trials in both rooms
without making the data collection too exhausting. In fact, the recording in the two
rooms had to be done in one single session to avoid the risk of dropout from
participants, thus forcing us to reduce the number of trials. The recruitment was
particularly challenging partially because of the pandemic ongoing and partially
because the OVO chamber could not be moved, thus forcing participants to come to
the laboratory which is located far from big cities or universities. This of course
affected the sample size, which should be increased to generalize and strengthen the
observed results. Also, the adoption of a larger number of words would be of
particular importance as it would allow a more fine-grained characterization of the
features underlying conceptual processing. A larger set of words would further allow
the possibility to explore a reliable identification of subtypes of concepts on the basis
of their electrophysiological activity. Given the high inter-participants variability for

what concerns the physiological measurements, we suggest that a larger sample size
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would improve reliability and precision of Heart Rate Variability indexes. Another
limitation is that despite our effort to make the two experimental conditions as similar
as possible in terms of comfort and posture, the two chairs adopted in each room were

different enough to be noted, as reported by a few participants.

Future studies will utilizing a larger cohort of participants will be necessary to
collect reliable HRV measurements and deepen the preliminary results shown in the
current study. Moreover, it would be interesting to take in consideration the
involvement of electrophysiological abnormalities on delta-to-alpha power associated
with neurodegenerative diseases such as Alzheimer or Semantic Variant of Fronto
Temporal Dementia (Yener et al., 2016; Babiloni et al., 2018; Caso et al., 2012). The
exploration of how interventions aimed at integrating bodily states may affect slow
frequencies power and, contextually, facilitates retrieval of personally relevant
semantic knowledge during language processing could be of particular interest for the
design of noninvasive treatments with patients showing impaired access to semantic

knowledge and autobiographical memory.
5. Conclusions

In the current experiment, we observed that immersion in the OVO chamber, an
altered sensory environment aimed at increasing the saliency of internal states,
affected the electrophysiological correlates of Concrete and Abstract concepts.
Specifically, we observed a decrease of the N400 associated with concreteness which
we interpreted as a reduction of sensorial components gathered to process words’
meaning, and a greater late negativity associated with post-lexical imagery processes
for Abstract rather than Concrete concepts. The modulations of N400/late N700-like
components observed in the current study suggest that increasing the salience of
internal states would 1) detach from sensorimotor exteroceptive information, and 2)
facilitate the processing of Abstract words by favoring the retrieval of multimodal

subjective relevant memories associated with words” meaning. Taken together, our
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results show that artificial manipulation of bodily states through control of
environmental characteristics of the room could open a window on the interoception-

cognition coupling with important implications for future research.
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4. General Discussion

In the current dissertation, results from two experiments have been shown and
discussed. The two experiments revolved around the idea that words processing
involves the retrieval of sensorimotor features that constitute the experiential
component of conceptual representations, in line with propositions from Embodied
Theories of Language (Foglia and Wilson, 2013; Horchak et al, 2014). Both
experiments were focused on the differences between Abstract and Concrete concepts
in terms of the sensorimotor features involved in their comprehension, with a special
focus on interoception. The two experiments have been designed to enlarge current
knowledge of how interoception is related to conceptual processing by directly
comparing different languages (Experiment 1) and exploring how manipulation of
interoceptive experience through immersion in an altered sensory environment could

affect conceptual processing (Experiment 2).

In the first experiment, we showed that interoception is particularly important
in defining the perceptual contents of Abstract concepts and, to a much lesser extent,
Concrete concepts. On the contrary, Concrete concepts are mostly characterized by
experiences in exteroceptive modalities (e.g., Vision, Touch, Taste, and Smell in
particular). This pattern of Abstractness-Interoception vs Concreteness-Exteroception
has been found to be robust across the different languages included in the study,
namely Italian, Hebrew, and English. Overall, the current study showed that
Perceptual Strength ratings are good predictors of the categorization of concepts as
belonging to the Abstract or Concrete category, as well as providing sufficient
information to identify subtypes of concepts with good consistency across languages.
Furthermore, Interoception ratings were found to predict bodily awareness scores in
all languages. On the other hand, empathy and bodily reactivity (which are indexes
associated directly or indirectly to regulation of social behavior) were found to be

consistently associated with interoception only in the Hebrew native speaker sample,
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while we observed mixed and less robust associations in the other two languages
samples. These results suggest that the information carried by interoception in relation
to bodily experiences is important to provide a bodily basis for conceptual
representations of Abstract concepts. However, its further involvement in higher
order functions (e.g., prosocial behaviors) turned out to be, at least partially,
modulated by the linguistic and cultural milieu. These results are in line with what is
reported in literature regarding the importance of interoception in embodiment of
Abstract concepts and enlarged it by directly comparing for the first time perceptual

ratings and implications for prosocial behavior across different languages.

The second experiment showed that being immersed in a sensory deprivation
chamber, which is an environment that promotes the saliency of internal states (e.g.,
interoceptive sensations and internal dialogue) while detaching one’s experience from
the flow of exteroceptive information, can affect electrophysiological correlates of
Concrete and Abstract words comprehension. No study we are aware of explored the
processing of words during the immersion in an altered sensory environment
designed to artificially manipulate interoceptive states. Main results of the current
study showed that the N400 component involved in semantic integration of
sensorimotor information was modulated by Abstractness/Concreteness with greater
amplitude for Concrete compared to Abstract concepts in the White Room, but, in line
with our hypothesis, we observed it to be significantly reduced in the OVO
deprivation chamber. On the same line, a late negative component (N700-like), which
is associated with imagery and associations of multimodal information in working
memory, was found to be larger for Abstract concepts compared to Concrete ones,
selectively in the OVO chamber. Taken together, results of Experiment 2 suggest that
1) being immersed in an altered sensory environment that is thought to enhance the
saliency in experiencing bodily and internal states could affect conceptual processing
reducing the differences in ERP amplitudes between Abstract and Concrete concepts

through disengagement of exteroceptive modalities, and that 2) this kind of
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intervention aimed at increasing saliency of internal states can facilitate the effortless
emergence of multimodal imagery processes selectively during processing of Abstract
concepts. This study provided further evidence in favor of the active involvement of

bodily states in the processing of Abstract concepts.
4.1. Bidirectionality of embodied language processing

The two studies presented in the current dissertation differed in methodology
and in the kind of processes subtending comprehension of linguistic materials but
shared a common thread: the exploration of the extent to which bodily states are
involved in Abstract words” meaning processing. This involvement can be interpreted
in terms of the directionality of body-words interaction. In fact, the first experiment
was based on a process of retrieval of experiential components in relation to target
words. Thus, this specific task was based on a cued retrieval of perceptual features
stored in long term semantic memory (Prince et al., 2005). In this case the retrieval of
the perceptual components was voluntary, it was cued by word presentation, and it

required an active effort from participants.

On the other side, the task we adopted in the second experiment was based on
the mere categorization of target words as meaningful words or meaningless
pseudowords. Thus, the direct retrieval of semantic information was not part of tasks
instruction. Nonetheless, we observed not only electrophysiological modulation of
brain activity compatible with the use of multimodal imagery, but participants further
reported that the adoption of such imagery processes emerged spontaneously during
the lexical decision task. This happened especially in the sensory deprivation room
which was consistently reported as an immersive environment in which bodily and
internal states were enhanced. This suggests that the retrieval of information from
long term memory associated with words” meaning was automatic and effortless, as

opposed to the mechanisms required by the task in the first experiment.
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Considering these results, we argue that the recollection of semantic information
associated with conceptual representations was observed to be important in a
bidirectional manner. As it was the core of the presented projects, in this discussion
we will focus on bodily sensations and Abstract concepts. In fact, we can think of the
mechanism involved in the first experiment as an attribution of interoceptive
perceptual experiences to target concepts with a language-to-body mapping direction
in which past bodily experiences represent the information gathered and associated
to target concepts according to one’s experience. In the second experiment the
retrieval of Abstract words meaning was facilitate by the altered sensory environment,
suggesting a body-to-language mapping in which bodily states favored the emergence
of memories and vivid multimodal imagery associated with words meaning, even
when this was not necessary for the task. The attentional effort spent to focus on
interoceptive or exteroceptive modalities appeared to be a crucial aspect of words
processing since directing the attention towards interoceptive sensations has been
often reported to be particularly effortful in comparisons to directing attention on

exteroception (Garcia-Cordero et al., 2017).

We are constantly immersed in a sensory environment that does not facilitate the
focusing on our internal states and we are usually not trained to direct our attention
without high attentional costs. With the current results, we suggest that being more
focused on our bodily and internal sensations could influence how we process
Abstract words meaning and potentially exert positive effects on prosocial behavior
and emotional regulation. The influence of bodily states on language processing is
important since the mechanisms that are thought to underlie access to words’
meanings are prone to flexible adaptation to available attentional resources and
engagement of the sensorimotor system, thus making the retrieval of first-person
bodily experiences a bidirectional mechanism that affect both the encoding and the

retrieval of conceptual representations (see Figure 16).
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« Effortful
»  Voluntary

Words serve as a cue to
voluntary retricve
experiences
(Exp 1)

BODY

WORDS

Linguistic labels Experiential device

*  Effortless
«  Automatic

Experiences retrieval is
fostered by particular
bodily states
(Exp 2)

Figure 16. Diagram describing the bidirectional relationship between words and body according to the
results of Experiment 1 and 2.

4.2. Abstract-Concrete concepts distinction versus Internal-

External situational elements

Taken together, our results also open the discussion on the Abstract-Concrete
dichotomic distinction. As observed in the literature review and in our results,
relevant experiences for embodiment of Abstract concepts do not just refer to the
collection of visceral bodily information from interoception, but it also includes the
involvement of other experiential dimensions including emotional and mental states
that accompany the experiences that are eventually represented and labeled as
Abstract concepts (Buccino et al., 2016). All these experiences are condensed in situated
simulations, which are neural reactivation aimed at reconstructing past experiences by
retrieving traces of perceptual, motor, emotional, social, cognitive, linguistic, and
contextual features clustered in multifaceted representations (Barsalou, 2015). We
argue that each concept, either ascribable to the Abstract or Concrete typology, can be
conceived as a dense situated representation composed by multimodal components
having different levels of modality-specificity features according to the salient features

characterizing the original associated experience. This formulation of conceptual
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representation emerged from our data in both experiments: in the first experiment we
observed that some subtypes of abstract concepts obtained overall high perceptual
ratings beyond the mere interoceptive experience (e.g., concepts like love, nostalgia,
and happiness belonging to a cluster characterized by high perceptual features in all
languages); and in the second experiment we observed that Abstract concepts were
sometimes reported to be imagined in specific situations accompanied by strong vivid
sensorial imagery depicting events occurred in real life, especially for those concepts

referred to social interactions or with high emotional contents (e.g., love or happiness).

The results presented here can be interpreted in the light of the Brain As a
Situation Processing Architecture proposal (Barsalou et al., 2018), in which conceptual
processing would be implemented in networks carrying out two main functions: 1)
the processing of situational elements, which represents entities like objects, action,
settings, emotions, values, and all those single elements that can be experienced and
identifies as single entities; 2) the processing of situational integration, which
represents integrative concepts used to associate single situational elements in
broader contexts. According to this view, the distinction between Abstract and
Concrete concepts in terms of their perceptual components is no longer informative
as the most important feature is their functional significance. Barsalou and colleagues
further identify two main categories of situational elements, namely elements related
to internal experiences and elements related to external experiences. These two
categories interact to build complex representations that are imbued with both
internal and external experiences. For example, the meaning of the Abstract concept
“happiness” entails the involvement of internal experiences of motivations, cognitive
evaluations, and affection as well as external experiences related to specific places,
activities, objects, or agents that can be associated with the experience of happiness. The
retrieval of relevant experiences defining semantic representations would be recalled
in the form of situated simulations of the original experiences in a context- and

content-dependent nature.
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5. Future studies

Future studies are needed to address the generalization of our conclusions by
exploring the effects of directing attention towards internal states enrolling native
speakers of languages that showed greater impacts of bodily states on conceptual
representations and higher-order functions (e.g., Hebrew native speakers as observed

in Experiment 1).

More studies designed to explore the state of sensorimotor cortices through the
coupling of event-related synchronization or desynchronization with language-
related ERPs would provide a deeper understanding of the mechanisms underlying
semantic processes. In fact, some frequency bands are thought to support integration
of multimodal information (Von Stein and Sarnthein, 2000; Harmony, 2013) and
provide information about the inhibition or excitability of sensorimotor cortices
(Neuper et al.,, 2006), thus potentially carrying interesting information on how

modality-specific sensorimotor cortices are recruited in language processing.

Furthermore, we suggest that it could be of particular interest to collect
neuroimaging data employing fMRI or high-density electrodes EEG systems to
address whether the proposed internal vs external situational elements distinction
could be detected adopting a multivariate pattern analysis approach (Grootswagers
et al., 2017). In fact, this kind of analysis revealed to be particularly powerful in
exploring patterns of activity reflecting distributed semantic representations with
good accuracy (see for example Ghio et al., 2018; Alizadeh et al.,, 2017). These
approaches would moreover open the possibility to explore exploration of similarities
and differences between different types of representations by adopting
Representational Similarity Analysis. In the specific context, we could explore
whether pattern of neural activation related to concepts categorized as internal vs

external situational elements could show similarities with experiential ratings
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associated with bodily, social or affective experiences with greater accuracy compared

to the Abstract vs Concrete concepts categorization.

Another possible future direction that deserves deeper exploration regards the
implications of Heart Rate Variability indexes in revealing objective and direct
measures of bodily states in relation to conceptual representations. Our approach was
a first step taken in this direction but further studies with increased sample size and
the adoption of additional physiological measurements (e.g., respiration sensors or
galvanic skin responses) in relation to the processing of different concepts would be a
great advance in disentangling the embodiment mechanisms underlying language

processing.

Finally, we suggest that adoption of novel approaches aimed at manipulating
interoceptive functions and internal states using noninvasive and safe instruments,
like for example perceptual deprivation chamber like the one adopted in the current
study or body-oriented activities that increases one’s attentional focus on bodily
states, would be of main interests for the establishment of neuroscientific research
endeavors oriented at exploring the complexity of body-brain coupling. Another step
that we suggest would be useful in this direction is the adoption of a
neurophenomenological perspective that could shed some new lights on the
qualitative analysis of first-person experiences reintroducing introspection and

subjective appraisals of experiences in scientific inquiries.
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6. Conclusions

The results of the studies presented in the current dissertation showed that
interoceptive modality is an important experiential source in the embodiment of
conceptual representations, with a particular focus on Abstract concepts. In
Experiment 1, cross-linguistic comparisons showed that the prominent role for
Interoception in Abstract concepts is robust across languages. In Experiment 2, we
showed that increasing saliency on interoception and internal states would reduce the
differences in electrophysiological correlates of Abstract and Concrete concepts
processing. Moreover, Abstract concepts were found to elicit a significantly stronger
centroparietal late negativity which reflects post-lexical multimodal imagery,
selectively in the perceptual deprivation room. Results from this experiment showed
that the state of the sensorimotor system can affect how we retrieve information from
long term semantic memory and shed new light on the relationship between bodily
states and words comprehension. Results from the two experiments were then
discussed in light of the bidirectional relationship between bodily states and language
and expanded to the current and possible future formulation of the Abstract vs

Concrete concepts distinction.

113



7. Bibliography

Adolfi, F,, Couto, B., Richter, F., Decety, J., Lopez, J., Sigman, M., ... & Ibanez, A. (2017). Convergence of
interoception, emotion, and social cognition: a twofold fMRI meta-analysis and lesion approach. Cortex, 88, 124-
142.

Adorni, R., & Proverbio, A. M. (2012). The neural manifestation of the word concreteness effect: An electrical
neuroimaging study. Neuropsychologia, 50(5), 880-891.

Aiken, L. S, West, S. G., & Reno, R. R. (1991). Multiple regression: Testing and interpreting interactions. sage.

Alizadeh, S., Jamalabadi, H., Schénauer, M., Leibold, C., & Gais, S. (2017). Decoding cognitive concepts from
neuroimaging data using multivariate pattern analysis. Neuroimage, 159, 449-458.

Altarriba, J., Bauer, L. M., & Benvenuto, C. (1999). Concreteness, context availability, and imageability ratings and
word associations for abstract, concrete, and emotion words. Behavior Research Methods, Instruments, &
Computers, 31, 578-602.

Anderson, J. R. (1983). The architecture of cognition. Harvard Univ. press, Cambridge, MA. AndersonThe
Architecture of Cognition1983.

Andrews, M., Vigliocco, G., & Vinson, D. (2009). Integrating experiential and distributional data to learn semantic
representations. Psychological review, 116(3), 463.

Arioli, M., Gianelli, C., & Canessa, N. (2021). Neural representation of social concepts: a coordinate-based meta-
analysis of f MRI studies. Brain Imaging and Behavior, 15, 1912-1921.

Audacity Team (2021). Audacity(R): Free Audio Editor and Recorder [Computer application]. Version 3.0.0
retrieved March 17th 2021 from https://audacityteam.org/

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

Baayen, R. H. (2004). Statistics in psycholinguistics: A critique of some current gold standards. Mental lexicon
working papers, 1(1), 1-47.

Babiloni, C., Carducci, F., Lizio, R., Vecchio, F., Baglieri, A., Bernardini, S., ... & Frisoni, G. B. (2013). Resting state
cortical electroencephalographic rhythms are related to gray matter volume in subjects with mild cognitive

impairment and Alzheimer's disease. Human brain mapping, 34(6), 1427-1446.

Bahrami, B., Olsen, K., Latham, P. E., Roepstorff, A., Rees, G., & Frith, C. D. (2010). Optimally interacting
minds. Science, 329(5995), 1081-1085.

Ballot, C., Robert, C., & Mathey, S. (2022). Word imageability influences the emotionality effect in episodic
memory. Cognitive Processing, 23(4), 655-660.

Banks, B, & Connell, L. (2023). Multi-dimensional sensorimotor grounding of concrete and abstract
categories. Philosophical Transactions of the Royal Society B, 378(1870), 20210366.

Barber, H. A,, Otten, L. J,, Kousta, S. T., & Vigliocco, G. (2013). Concreteness in word processing: ERP and
behavioral effects in a lexical decision task. Brain and language, 125(1), 47-53.

Baron-Cohen, S. (2002). The extreme male brain theory of autism. Trends in cognitive sciences, 6(6), 248-254.

114


https://audacityteam.org/

Barr, D.]., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects structure for confirmatory hypothesis testing:
Keep it maximal. Journal of memory and language, 68(3), 255-278.

Barrett, L. F. (2006). Are emotions natural kinds?. Perspectives on psychological science, 1(1), 28-58.
Barrett, L. F. (2017). How emotions are made: The secret life of the brain. Pan Macmillan.

Barrett, L. F., Quigley, K. S., Bliss-Moreau, E., and Aronson, K. R. (2004). Interoceptive sensitivity and self-reports
of emotional experience. ]. Personal. Soc. Psychol. 87, 684-697. doi: 10.1037/0022-3514.87.5.684

Barros-Loscertales, A., Gonzalez, J., Pulvermiiller, F., Ventura-Campos, N., Bustamante, J. C., Costumero, V., et al.
(2012). Reading salt activates gustatory brain regions: fMRI evidence for semantic grounding in a novel sensory
modality. Cereb. Cortex 22, 2554-2563. doi: 10.1093/cercor/bhr324

Barsalou, L. W. (1999). Perceptual symbol systems. Behav. Brain Sci. 22, 577-660.
Barsalou, L. W. (2008). Grounded cognition. Annu. Rev. Psychol., 59, 617-645.

Barsalou, L. W. (2009). Simulation, situated conceptualization, and prediction. Philosophical Transactions of the Royal
Society B: Biological Sciences, 364(1521), 1281-1289.

Barsalou, L. W. (2015). Situated conceptualization: Theory and applications. In Perceptual and emotional
embodiment (pp. 19-45). Routledge.

Barsalou, L. W., and Wiemer-Hastings, K. (2005). “Situating abstract concepts,” in Grounding Cognition. The Role of
Perception and Action in Memory, Language and Thinking, eds D. Pecher and R. A. Zwaan (Cambridge: Cambridge
University Press), 129-163. doi: 10.1017/CB0O9780511499968.007

Barsalou, L. W., Dutriaux, L., & Scheepers, C. (2018). Moving beyond the distinction between concrete and abstract
concepts. Philosophical Transactions of the Royal Society B: Biological Sciences, 373(1752), 20170144.

Barsalou, L. W., Santos, A., Simmons, W. K., and Wilson-Mendenhall, C. D. (2008). “Language and simulation in
conceptual processing,” in Symbols, Embodiment, and Meaning, eds M. De Vega, A. M. Glenberg, and A. C.
Graesser (Oxford: Oxford University Press).

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.

Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimonious mixed models. arXiv preprint arXiv:1506.04967 .

Bechtold, L., Bellebaum, C., & Ghio, M. (2023). When a sunny day gives you butterflies: an electrophysiological
investigation of concreteness and context effects in semantic word processing. Journal of Cognitive
Neuroscience, 35(2), 241-258.

Bechtold, L., Ghio, M., & Bellebaum, C. (2018). The effect of training-induced visual imageability on
electrophysiological correlates of novel word processing. Biomedicines, 6(3), 75.

Ben-Soussan, T. D., Mauro, F., Lasaponara, S., Glicksohn, J., Marson, F., & Berkovich-Ohana, A. (2019). Fully
immersed: state absorption and electrophysiological effects of the OVO whole-body perceptual deprivation
chamber. Progress in Brain Research, 244, 165-184.

Berntson, G. G., Cacioppo, J. T., & Quigley, K. S. (1993). Cardiac psychophysiology and autonomic space in
humans: empirical perspectives and conceptual implications. Psychological bulletin, 114(2), 296.

115



Binder, J. R., Conant, L. L., Humphries, C. J., Fernandino, L., Simons, S. B., Aguilar, M., & Desai, R. H. (2016).
Toward a brain-based componential semantic representation. Cognitive neuropsychology, 33(3-4), 130-174.

Binder, J. R., & Desai, R. H. (2011). The neurobiology of semantic memory. Trends in Cognitive Sciences, 15, 527-536.
doi: 10.1016/j.tics.2011.10.001

Bland, J. M, & Altman, D. G. (1997). Statistics notes: Cronbach's alpha. Bmj, 314(7080), 572.

Boersma, Paul & Weenink, David (2023). Praat: doing phonetics by computer [Computer program]. Version 6.3.09,
retrieved 2 March 2023 from http://www.praat.org/

Borghi, A. M. (2022). Concepts for which we need others more: the case of abstract concepts. Current directions in
psychological science, 31(3), 238-246.

Borghi, A. M., & Binkofski, F. (2014). Words as social tools: An embodied view on abstract concepts. Springer Science &
Business Media.

Borghi, A. M., & Fernyhough, C. (2023). Concepts, abstractness and inner speech. Philosophical Transactions of the
Royal Society B, 378(1870), 20210371.

Borghi, A. M., Barca, L., Binkofski, F., Castelfranchi, C., Pezzulo, G., & Tummolini, L. (2019). Words as social tools:
Language, sociality and inner grounding in abstract concepts. Physics of life reviews, 29, 120-153.

Borghi, A. M., Binkofski, F., Castelfranchi, C., Cimatti, F., Scorolli, C., & Tummolini, L. (2017). The challenge of
abstract concepts. Psychological Bulletin, 143(3), 263—292. https://doi.org/10.1037/bul0000089

Bradley, M. M., & Lang, P. J. (1994). Measuring emotion: the self-assessment manikin and the semantic
differential. Journal of behavior therapy and experimental psychiatry, 25(1), 49-59.

Breiman, L. (2001). Random forests. Machine learning, 45, 5-32.

Brooks, J. A., Shablack, H., Gendron, M., Satpute, A. B., Parrish, M. H., & Lindquist, K. A. (2017). The role of
language in the experience and perception of emotion: A neuroimaging meta-analysis. Social Cognitive and Affective
Neuroscience, 12(2), 169-183.

Brown, C., & Hagoort, P. (1993). The processing nature of the N400: Evidence from masked priming. Journal of
cognitive neuroscience, 5(1), 34-44.

Brysbaert, M., Warriner, A. B., & Kuperman, V. (2014). Concreteness ratings for 40 thousand generally known
English word lemmas. Behavior research methods, 46(3), 904-911.

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

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

Buttafuoco, A., Pedale, T., Buchanan, T. W., & Santangelo, V. (2018). Only “efficient” emotional stimuli affect the
content of working memory during free-recollection from natural scenes. Cognitive processing, 19, 125-132.

Cabrera, A., Kolacz, J., Pailhez, G., Bulbena-Cabre, A., Bulbena, A., & Porges, S. W. (2018). Assessing body

awareness and autonomic reactivity: Factor structure and psychometric properties of the Body Perception
Questionnaire-Short Form (BPQ-SF). International journal of methods in psychiatric research, 27(2), €1596.

116


http://www.praat.org/
https://psycnet.apa.org/doi/10.1037/bul0000089

Cameron, O. G. (2001). Visceral sensory neuroscience: Interoception. Oxford University Press.

Caramelli, N., & Setti, A. (2005). Different domains in abstract concepts. In Proceedings of the Annual Meeting of the
Cognitive Science Society (Vol. 27, No. 27).

Carota, F., Moseley, R., & Pulvermiiller, F. (2012). Body-part-specific representations of semantic noun
categories. Journal of Cognitive Neuroscience, 24(6), 1492-1509.

Casasanto, D., & Lupyan, G. (2015). All Concepts Are Ad Hoc Concepts. In E. Margolis & S. Laurence (Eds.), The
Conceptual Mind: New Directions in the Study of Concepts (pp. 543-566). The MIT Press.

Caso, F., Cursi, M., Magnani, G., Fanelli, G., Falautano, M., Comi, G,, ... & Minicucci, F. (2012). Quantitative EEG
and LORETA: valuable tools in discerning FTD from AD?. Neurobiology of aging, 33(10), 2343-2356.

Cassels, T. G., Chan, S., & Chung, W. (2010). The role of culture in affective empathy: Cultural and bicultural
differences. Journal of Cognition and Culture, 10(3-4), 309-326.

Cassels, T. G., Chan, S., & Chung, W. (2010). The role of culture in affective empathy: Cultural and bicultural
differences. Journal of Cognition and Culture, 10(3-4), 309-326.

Ceh, S. M., Annerer-Walcher, S., Korner, C., Rominger, C., Kober, S. E., Fink, A.,, & Benedek, M. (2020).
Neurophysiological indicators of internal attention: An electroencephalography—eye-tracking coregistration study.
Brain and behavior, 10(10), e01790.

Cerritelli, F., Galli, M., Consorti, G., D’Alessandro, G., Kolacz, J., & Porges, S. W. (2021). Cross-cultural adaptation
and psychometric properties of the Italian version of the Body Perception Questionnaire. Plos one, 16(5), €0251838.

Chentsova-Dutton, Y. E., & Dzokoto, V. (2014). Listen to your heart: the cultural shaping of interoceptive awareness
and accuracy. Emotion, 14(4), 666.

Cheon, B. K., Mathur, V. A, & Chiao, J. Y. (2010). Empathy as cultural process: insights from the cultural
neuroscience of empathy. World cultural psychiatry research review, 5(1), 32-42.

Chopik, W. ]J., O'Brien, E., & Konrath, S. H. (2017). Differences in empathic concern and perspective taking across
63 countries. Journal of Cross-Cultural Psychology, 48(1), 23-38.

Christensen, R. H. B. (2015). Analysis of ordinal data with cumulative link models —estimation with the R-package
ordinal. R-package version, 28, 406.

Chwilla, D. J., & Kolk, H. H. (2005). Accessing world knowledge: Evidence from N400 and reaction time
priming. Cognitive Brain Research, 25(3), 589-606.

Citron, F. M., & Goldberg, A. E. (2014). Metaphorical sentences are more emotionally engaging than their literal
counterparts. Journal of cognitive neuroscience, 26(11), 2585-2595.

Clark, J. M., Paivio, A. (1991). Dual coding theory and education. Educational Psychology Review, 3(3), 149-210.

Conca, F., Borsa, V. M., Cappa, S. F., & Catricala, E. (2021). The multidimensionality of abstract concepts: A
systematic review. Neuroscience & Biobehavioral Reviews, 127, 474-491.

Conca, F., Catricala, E., Canini, M., Petrini, A., Vigliocco, G., Cappa, S. F., & Della Rosa, P. A. (2021). In search of
different categories of abstract concepts: a fMRI adaptation study. Scientific reports, 11(1), 22587.

Connell L, Lynott D. 2011 Modality switching costs emerge in concept creation as well as retrieval. Cogn. Sci. 35,
763-778. (d0i:10.1111/j.1551-6709.2010.01168.x)

117


http://dx.doi.org/10.1111/j.1551-6709.2010.01168.x

Connell L, Lynott D. 2014 I see/hear what you mean: semantic activation in visual word recognition depends on
perceptual attention. J. Exp. Psychol. Gen. 143, 527-533. (d0i:10.1037/a0034626)

Connell, L. (2019). What have labels ever done for us? The linguistic shortcut in conceptual processing. Language,
Cognition and Neuroscience, 34(10), 1308-1318.

Connell, L., & Lynott, D. (2012). Strength of perceptual experience predicts word processing performance better
than concreteness or imageability. Cognition, 125, 452-465. https://doi.org/10.1016/j.cognition.2012.07.010

Connell, L., & Lynott, D. (2014). Principles of representation: Why you can't represent the same concept
twice. Topics in Cognitive Science, 6(3), 390-406.

Connell, L., Lynott, D. Flexible and fast: Linguistic shortcut affects both shallow and deep conceptual
processing. Psychon Bull Rev 20, 542-550 (2013). https://doi.org/10.3758/s13423-012-0368-x

Connell, L., Lynott, D., & Banks, B. (2018). Interoception: the forgotten modality in perceptual grounding of abstract
and concrete concepts. Philosophical Transactions of the Royal Society B: Biological Sciences, 373(1752), 20170143.

Connell, L., Lynott, D., & Dreyer, F. (2012). A functional role for modality-specific perceptual systems in conceptual
representations. PLoS One, 7(3), €33321.

Cooper, N. R,, Croft, R.]., Dominey, S. J., Burgess, A. P., & Gruzelier, ]. H. (2003). Paradox lost? Exploring the role
of alpha oscillations during externally vs. internally directed attention and the implications for idling and

inhibition hypotheses. International journal of psychophysiology, 47(1), 65-74.

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological condition of the body. Nature
reviews neuroscience, 3(8), 655-666.

Craig, A. D. (2003). Interoception: the sense of the physiological condition of the body. Current opinion in
neurobiology, 13(4), 500-505.

Craig, A. D. (2009). How do you feel—now? The anterior insula and human awareness. Nature reviews
neuroscience, 10(1), 59-70.

Craig, A. D. (2014). How do you feel?. In How Do You Feel?. Princeton University Press.

Craig, A. D. (2014). Topographically organized projection to posterior insular cortex from the posterior portion of
the ventral medial nucleus in the long-tailed macaque monkey. Journal of Comparative Neurology, 522(1), 36-63.

Cree, G.S., & McRae, K. (2003). Analyzing the factors underlying the structure and computation of the meaning of
chipmunk, cherry, chisel, cheese, and cello (and many other such concrete nouns). Journal of Experimental
Psychology: General, 132, 163-201. doi: 10.1037/0096-3445.132.2.163

Critchley, H. D., & Garfinkel, S. N. (2017). Interoception and emotion. Current opinion in psychology, 17, 7-14.

Cuccio, V., & Caruana, F. (2019). Rethinking the abstract, concrete concepts dichotomy: Comment on “words as
social tools: Language, sociality and inner grounding in abstract concepts” by Anna M. Borghi, et al. Physics of Life
Reviews, 29, 157-160.

Culff, B. M., Brown, S. ], Taylor, L., & Howat, D. J. (2016). Empathy: A review of the concept. Emotion review, 8(2),
144-153.

Dalal, D. K., & Zickar, M. J. (2012). Some common myths about centering predictor variables in moderated multiple
regression and polynomial regression. Organizational Research Methods, 15(3), 339-362.

118


http://dx.doi.org/10.1037/a0034626
https://doi.org/10.1016/j.cognition.2012.07.010
https://doi.org/10.3758/s13423-012-0368-x

Damasio, A. R. (1994). Descartes' error and the future of human life. Scientific American, 271(4), 144-144.

Damasio, A. R., Grabowski, T. J., Bechara, A., Damasio, H., Ponto, L. L., Parvizi, J.,, & Hichwa, R. D. (2000).
Subcortical and cortical brain activity during the feeling of self-generated emotions. Nature neuroscience, 3(10),
1049-1056.

Damasio, A., & Carvalho, G. B. (2013). The nature of feelings: evolutionary and neurobiological origins. Nature
reviews neuroscience, 14(2), 143-152.

Davey, S., Bell, E., & Halberstadt, J. (2023). Using targeted visceroception to improve interoceptive sensibility and
emotion regulation. New Ideas in Psychology, 68, 100989.

De Felice, S., Hamilton, A. F. D. C,, Ponari, M., & Vigliocco, G. (2023). Learning from others is good, with others is
better: the role of social interaction in human acquisition of new knowledge. Philosophical Transactions of the Royal
Society B, 378(1870), 20210357.

De Saussure, F. (1916). Nature of the linguistic sign. Course in general linguistics, 1, 65-70.

Debeer Dries and Carolin Strobl (2020). Conditional Permutation Importance Revisited. BMC Bioinformatics, 21,
307. https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-020-03622-2

Del Maschio, N., Fedeli, D., Garofalo, G., & Buccino, G. (2021). Evidence for the concreteness of abstract language:
a meta-analysis of neuroimaging studies. Brain Sciences, 12(1), 32.

Dellantonio, S., Mulatti, C., Pastore, L., & Job, R. (2014). Measuring inconsistencies can lead you forward: The case
of imageability and concreteness ratings. Frontiers in Psychology, 5, 708.

Desai, R. H., Reilly, M., & van Dam, W. (2018). The multifaceted abstract brain. Philosophical Transactions of the Royal
Society B: Biological Sciences, 373(1752), 20170122.

Dove, G. (2022). Abstract concepts and the embodied mind: rethinking grounded cognition. Oxford University Press.

Dove, G. O. (2023). Rethinking the role of language in embodied cognition. Philosophical Transactions of the Royal
Society B, 378(1870), 20210375.

Dove, G., Barca, L., Tummolini, L., & Borghi, A. M. (2022). Words have a weight: Language as a source of inner
grounding and flexibility in abstract concepts. Psychological Research, 86(8), 2451-2467.

Dreyer, F. R., & Pulvermiiller, F. (2018). Abstract semantics in the motor system?—An event-related fMRI study on
passive reading of semantic word categories carrying abstract emotional and mental meaning. Cortex, 100, 52-70..

Dreyer, F. R, Frey, D., Arana, S., Von Saldern, S., Picht, T., Vajkoczy, P., et al. (2015). Is the motor system necessary
for processing action and abstract emotion words? Evidence from focal brain lesions. Front. Psychol. 6:1661. doi:
10.3389/fpsyg.2015.01661

Dufour, S., Brunelliére, A., & Frauenfelder, U. H. (2013). Tracking the time course of word-frequency effects in
auditory word recognition with event-related potentials. Cognitive science, 37(3), 489-507.

Dunn, B. D., Galton, H. C.,, Morgan, R., Evans, D., Oliver, C., Meyer, M,, ... & Dalgleish, T. (2010). Listening to your
heart: How interoception shapes emotion experience and intuitive decision making. Psychological science, 21(12),
1835-1844.

Ernst, J., Northoff, G., Boker, H., Seifritz, E., & Grimm, S. (2013). Interoceptive awareness enhances neural activity
during empathy. Human Brain Mapping, 34(7), 1615-1624.

Everitt, B. S., Landau, S., Leese, M. & Stahl, D. (2001). Cluster analysis. London: Arnold.

119



Farah, M. J., Péronnet, F., Gonon, M. A., & Giard, M. H. (1988). Electrophysiological evidence for a shared
representational medium for visual images and visual percepts. Journal of Experimental Psychology: General, 117(3),
248.

Farahibozorg, S. R., Henson, R. N., Woollams, A. M., & Hauk, O. (2022). Distinct roles for the anterior temporal
lobe and angular gyrus in the spatiotemporal cortical semantic network. Cerebral Cortex, 32(20), 4549-4564.

Ferrand, L., Méot, A., Spinelli, E., New, B., Pallier, C., Bonin, P., ... & Grainger, J. (2018). MEGALEX: A megastudy
of visual and auditory word recognition. Behavior Research Methods, 50, 1285-1307.

Fodor JA, Pylyshyn ZW. 1988. Connectionism and cognitive architecture: a critical analysis. Cognition 28:3-71
Fodor, J. A. (1975). The language of thought. Harvard University Press.

Foglia, L., & Wilson, R. A. (2013). Embodied cognition. Wiley Interdisciplinary Reviews: Cognitive Science, 4(3), 319-
325.

Fotopoulou, A. & Tsakiris, M. (2017). Mentalizing homeostasis: The social origins of interoceptive
inference. Neuropsychoanalysis, 19(1), 3-28.

Fotopoulou, A. & Tsakiris, M. (2017). Mentalizing homeostasis: The social origins of interoceptive
inference. Neuropsychoanalysis, 19(1), 3-28.

Fowlkes, E. B., & Mallows, C. L. (1983). A method for comparing two hierarchical clusterings. Journal of the American
statistical association, 78(383), 553-569.

Fukushima, H., Terasawa, Y., & Umeda, S. (2011). Association between interoception and empathy: evidence from
heartbeat-evoked brain potential. International Journal of Psychophysiology, 79(2), 259-265.

Galac, A. (2020). Semantic change of basic perception verbs in English, German, French, Spanish, Italian, and
Hungarian. Arqumentum, 16, 125-146.

Gallese, V. (2005). Embodied simulation: From neurons to phenomenal experience. Phenomenology and the cognitive
sciences, 4, 23-48.

Gallese, V., & Lakoff, G. (2005). The brain's concepts: The role of the sensory-motor system in conceptual
knowledge. Cognitive neuropsychology, 22(3-4), 455-479.

Garcia-Cordero, I, Esteves, S., Mikulan, E. P., Hesse, E., Baglivo, F. H,, Silva, W., ... & Sedefio, L. (2017). Attention,
in and out: scalp-level and intracranial EEG correlates of interoception and exteroception. Frontiers in
neuroscience, 11, 411.

Gardner, Howard. The mind’s new science: A history of the cognitive revolution. Basic books, 1987.

Garfinkel, S. N., Seth, A. K,, Barrett, A. B., Suzuki, K., and Critchley, H. D. (2015a). Knowing your own heart:
Distinguishing interoceptive accuracy from interoceptive awareness. Biol. Psychol. 104, 65-74. doi:
10.1016/j.biopsycho.2014.11.004

Garofalo, G., Magliocco, F., Silipo, F., Riggio, L., & Buccino, G. (2022). What matters is the underlying experience:
Similar motor responses during processing observed hand actions and hand-related verbs. Journal of
Neuropsychology, 16(2), 389-406.

Garrard, P., Lambon Ralph, M. A., Hodges, ]. R., & Patterson, K. (2001). Prototypicality, distinctiveness and
intercorrelation: Analyses of the semantic attributes of living and nonliving concepts. Journal of Cognitive
Neuroscience, 18, 125-174.

120



Ghio, M., Haegert, K., Vaghi, M. M., & Tettamanti, M. (2018). Sentential negation of abstract and concrete
conceptual categories: a brain decoding multivariate pattern analysis study. Philosophical Transactions of the Royal
Society B: Biological Sciences, 373(1752), 20170124.

Ghio, M., Vaghi, M. M. S., & Tettamanti, M. (2013). Fine-grained semantic categorization across the abstract and
concrete domains. PloS one, 8(6), €67090.

Gianelli, C., Scorolli, C., & Borghi, A. M. (2013). Acting in perspective: the role of body and language as social
tools. Psychological Research, 77, 40-52.

Gladkova, A. (2010). Sympathy, compassion, and empathy in English and Russian: A linguistic and cultural
analysis. Culture & Psychology, 16(2), 267-285.

Glenberg, A. M. (2019). Turning social tools into tools for action. Comment on" Words as social tools: Language,
sociality and inner grounding in abstract concepts" by Anna M. Borghi et al. Physics of Life Reviews, 29, 172-174.

Glenberg, A. M., Sato, M., Cattaneo, L., Riggio, L., Palumbo, D., & Buccino, G. (2008). Processing abstract language
modulates motor system activity. Quarterly Journal of Experimental Psychology, 61(6), 905-919.

Glicksohn, J., Berkovich-Ohana, A., Mauro, F., & Ben-Soussan, T. D. (2019). Individual EEG alpha profiles are
gender-dependent and indicate subjective experiences in whole-body perceptual deprivation. Neuropsychologia,
125, 81-92.

Gogolla, N. (2017). The insular cortex. Current Biology, 27(12), R580-R586.

Gonzalez, J., Barros-Loscertales, A., Pulvermidiller, F., Meseguer, V., Sanjuan, A., Belloch, V., et al. (2006). Reading
cinnamon activates olfactory brain regions. Neurolmage 32, 906-912. doi: 10.1016/j.neuroimage.2006.03.037

Goslin, J., Galluzzi, C., & Romani, C. (2014). Phonltalia: a phonological lexicon for Italian. Behavior research
methods, 46, 872-886.

Greenberg, D. M., Warrier, V., Allison, C., & Baron-Cohen, S. (2018). Testing the Empathizing-Systemizing theory
of sex differences and the Extreme Male Brain theory of autism in half a million people. Proceedings of the National
Academy of Sciences, 115(48), 12152-12157.

Grootswagers, T., Wardle, S. G., & Carlson, T. A. (2017). Decoding dynamic brain patterns from evoked responses:
A tutorial on multivariate pattern analysis applied to time series neuroimaging data. Journal of cognitive
neuroscience, 29(4), 677-697.

Grynberg, D., and Pollatos, O. (2015). Perceiving one’s body shapes empathy. Physiol. Behav. 140, 54-60. doi:
10.1016/j.physbeh.2014.12.026

Gullick, M. M., Mitra, P., & Coch, D. (2013). Imagining the truth and the moon: An electrophysiological study of
abstract and concrete word processing. Psychophysiology, 50(5), 431-440.

Hammarstrom, H. (2016). Linguistic diversity and language evolution. Journal of Language Evolution, 1(1), 19-29.

Hand, D. ]J. (2009). Measuring classifier performance: a coherent alternative to the area under the ROC
curve. Machine learning, 77(1), 103-123.

Harmony, T. (2013). The functional significance of delta oscillations in cognitive processing. Frontiers in integrative
neuroscience, 7, 83.

Harnad S. 1990. The symbol grounding problem. Physica D 42:335-46

121



Harpaintner, M., Sim, E. J., Trumpp, N. M., Ulrich, M., & Kiefer, M. (2020). The grounding of abstract concepts in
the motor and visual system: An fMRI study. Cortex, 124, 1-22.

Harpaintner, M., Trumpp, N. M., & Kiefer, M. (2018). The semantic content of abstract concepts: A property listing
study of 296 abstract words. Frontiers in psychology, 9, 1748.

Harzing, A. W. (2006). Response styles in cross-national survey research: A 26-country study. International journal
of cross cultural management, 6(2), 243-266.

Hastings, P. D., & Miller, J. G. (2014). Autonomic regulation, polyvagal theory, and children’s prosocial
development. Prosocial development: A multidimensional approach, 112-127.

Hauk, O., Davis, M. H,, Ford, M., Pulvermidiller, F., & Marslen-Wilson, W. D. (2006). The time course of visual word
recognition as revealed by linear regression analysis of ERP data. Neuroimage, 30(4), 1383-1400.

Hauk, O., Johnsrude, I, & Pulvermiiller, F. (2004). Somatotopic representation of action words in human motor
and premotor cortex. Neuron, 41(2), 301-307.

Heimer, L., & Van Hoesen, G. W. (2006). The limbic lobe and its output channels: implications for emotional
functions and adaptive behavior. Neuroscience & Biobehavioral Reviews, 30(2), 126-147.

Henrich, J., Heine, S.]., & Norenzayan, A. (2010). Most people are not WEIRD. Nature, 466(7302), 29-29.

Herbert, B. M., & Pollatos, O. (2012). The body in the mind: on the relationship between interoception and
embodiment. Topics in cognitive science, 4(4), 692-704.

Hervé, M. & Hervé, M. M. (2020). Package ‘RVAideMemoire’. See https://CRANR-projectorg/package=
RVAideMemoire.

Hesslow, G. (2012). The current status of the simulation theory of cognition. Brain research, 1428, 71-79.

Heydrich, L., Walker, F., Bldttler, L., Herbelin, B., Blanke, O., & Aspell, J. E. (2021). Interoception and empathy
impact perspective taking. Frontiers in psychology, 11, 599429.

Hoffman, P. (2016). The meaning of ‘life’ and other abstract words: Insights from neuropsychology. Journal of
Neuropsychology, 10(2), 317-343. doi: 10.1111/jnp.12065

Holcomb, P. J., Kounios, ]J., Anderson, J. E., & West, W. C. (1999). Dual-coding, context-availability, and
concreteness effects in sentence comprehension: An electrophysiological investigation. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 25, 721- 742. doi:10.1037/0278-7393.25.3.721

Hollan, D. (2012). Emerging issues in the cross-cultural study of empathy. Emotion Review, 4(1), 70-78.

Horchak, O. V., Giger, J. C.,, Cabral, M., & Pochwatko, G. (2014). From demonstration to theory in embodied
language comprehension: a review. Cognitive Systems Research, 29, 66-85.

Huang, H. W.,, Lee, C. L., & Federmeier, K. D. (2010). Imagine that! ERPs provide evidence for distinct hemispheric
contributions to the processing of concrete and abstract concepts. Neurolmage, 49(1), 1116-1123.

Humpbhreys, G. W., & Forde, E. M. (2001). Hierarchies, similarity, and interactivity in object recognition:“Category-
specific” neuropsychological deficits. Behavioral and brain sciences, 24(3), 453-476.

Hunter, C. R. (2013). Early effects of neighborhood density and phonotactic probability of spoken words on event-
related potentials. Brain and language, 127(3), 463-474.

Ibanez, A., Kiihne, K., Miklashevsky, A., Monaco, E., Muraki, E., Ranzini, E., ... & Tuena, C. (2022). Ecological
meanings. A consensus paper on individual differences and contextual influences in embodied language.

122



Imbir, K. K., Duda-Gotawska, J., Wielgopolan, A., Sobieszek, A., Pastwa, M., & Zygierewicz, J. (2023). The role of
subjective significance, valence and arousal in the explicit processing of emotion-laden words. Peer], 11, e14583.

James, C. T. (1975). The role of semantic information in lexical decisions. Journal of Experimental Psychology:
Human Perception and Performance, 1, 130 —136. doi:10.1037/0096-1523.1.2.130

James, W. (1890). The Principles of Psychology (Book Review). The Monist, 1, 284.

Kemmerer, D. (2019). Concepts in the brain: The view from cross-linguistic diversity. Oxford University Press.

Kemmerer, D. (2015). Are we ever aware of concepts? A critical question for the Global Neuronal Workspace,
Integrated Information, and Attended Intermediate-Level Representation theories of consciousness. Neuroscience
of Consciousness, 2015(1).

Khalsa, S. S., Adolphs, R., Cameron, O. G., Critchley, H. D., Davenport, P. W., Feinstein, J. S., ... & Zucker, N. (2018).
Interoception and mental health: a roadmap. Biological psychiatry: cognitive neuroscience and neuroimaging, 3(6), 501-
513.

Kiefer, M., and Barsalou, L. W. (2013). “Grounding the human conceptual system in perception, action, and internal
states,” in Action Science: Foundations of an Emerging Discipline, eds W. Prinz, M. Beisert, and A. Herwig (Cambridge,
MA: MIT Press).

Kiefer, M., and Pulvermidiller, F. (2012). Conceptual representations in mind and brain: theoretical developments,
current evidence and future directions. Cortex 48, 805-825. doi: 10.1016/j.cortex.2011.04.006

Kiefer, M., Sim, E. J., Herrnberger, B., Grothe, J., & Hoenig, K. (2008). The sound of concepts: Four markers for a
link between auditory and conceptual brain systems. Journal of Neuroscience, 28(47), 12224-12230.

Klug, M., & Gramann, K. (2021). Identifying key factors for improving ICA-based decomposition of EEG data in
mobile and stationary experiments. European Journal of Neuroscience, 54(12), 8406-8420.

Klug, M., & Kloosterman, N. A. (2022). Zapline-plus: A Zapline extension for automatic and adaptive removal of
frequency-specific noise artifacts in M/EEG. Human Brain Mapping, 43(9), 2743-2758.

Kounios, J., & Holcomb, P. J. (1994). Concreteness effects in semantic processing: ERP evidence supporting dual-
coding theory. Journal of Experimental Psychology: Learning, Memory, and Cognition, 20(4), 804.

Kousta ST, Vinson DP, Vigliocco G (2009) Emotion words regardless of polarity have a processing advantage over
neutral words. Cognition 112(3): 473-481.

Kousta, S. T., Vigliocco, G., Vinson, D. P., Andrews, M., & Del Campo, E. (2011). The representation of abstract
words: why emotion matters. Journal of Experimental Psychology: General, 140(1), 14.

Kroll, J., & Merves, J. S. (1986). Lexical access for concrete and abstract words. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 12, 92-107. doi:10.1037/0278-7393.12.1.92

Kiibel, S. L., Fiedler, H., & Wittmann, M. (2021). Red visual stimulation in the Ganzfeld leads to a relative
overestimation of duration compared to green. PsyCh Journal, 10(1), 5-19.

Kutas, M., & Federmeier, K. D. (2000). Electrophysiology reveals semantic memory use in language
comprehension. Trends in cognitive sciences, 4(12), 463-470.

Kutas, M., & Federmeier, K. D. (2011). Thirty years and counting: finding meaning in the N400 component of the
event-related brain potential (ERP). Annual review of psychology, 62, 621-647.

123



Kutas, M., & Hillyard, S. A. (1980). Reading senseless sentences: Brain potentials reflect semantic
incongruity. Science, 207(4427), 203-205.

Kwon, J. Y., Glenberg, A. M., & Varnum, M. E. (2021). Culture, ecology, and embodied cognition. The Behavioral
and Brain Sciences.

Kwon, J. Y., Glenberg, A. M., & Varnum, M. E. (2021). Culture, ecology, and embodied cognition. The Behavioral
and Brain Sciences.

Landauer, T. K., & Dumais, S. T. (1997). A solution to Plato's problem: The latent semantic analysis theory of
acquisition, induction, and representation of knowledge. Psychological Review, 104, 211-240. doi: 10.1037/0033-
295X.104.2.211

Lau, E., Phillips, C. & Poeppel, D. A cortical network for semantics: (de)constructing the N400. Nat Rev Neurosci 9,
920-933 (2008). https://doi.org/10.1038/nrn2532

Lee, C. L., & Federmeier, K. D. (2008). To watch, to see, and to differ: An event-related potential study of
concreteness effects as a function of word class and lexical ambiguity. Brain and Language, 104(2), 145-158.

Lenth, R., Singmann, H., Love, ]., Buerkner, P., & Herve, M. (2019). Package ‘emmeans’.

Leung, A.K.Y,, Qiu, L., Ong, L., & Tam, K. P. (2011). Embodied cultural cognition: Situating the study of embodied
cognition in socio-cultural contexts. Social and Personality Psychology Compass, 5(9), 591-608.

Levy-Drori, S., & Henik, A. (2006). Concreteness and context availability in lexical decision tasks. The American
journal of psychology, 119(1), 45-65.

Lievers, F. S, & De Felice, I. (2019). Metaphors and perception in the lexicon. Perception metaphors, 19, 85.

Lindquist, K. A., Gendron, M., Satpute, A. B., & Lindquist, K. (2016). Language and emotion. Handbook of
emotions, 4, 579-594.

Lischke, A., Pahnke, R., Mau-Moeller, A., & Weippert, M. (2021). Heart rate variability modulates interoceptive
accuracy. Frontiers in Neuroscience, 1374.

Lloyd, D. M., Lewis, E., Payne, J., & Wilson, L. (2012). A qualitative analysis of sensory phenomena induced by
perceptual deprivation. Phenomenology and the Cognitive Sciences, 11, 95-112.

Louwerse, M. M., & Jeuniaux, P. (2008). How fundamental is embodiment to language comprehension?
Constraints on embodied cognition. In Proceedings of the 30th annual conference of the cognitive science society (pp.
1313-1318).

Louwerse, M. M., and Connell, L. (2011). A taste of words: linguistic context and perceptual simulation predict the
modality of words. Cogn. Sci. 35, 381-398.

Luck, S.]. (2014). An introduction to the event-related potential technique. MIT press.

Ludbrook, J. (1994). Advantages of permutation (randomization) tests in clinical and experimental pharmacology
and physiology. Clinical and experimental pharmacology and physiology, 21(9), 673-686.

Lynott, D., Connell, L., Brysbaert, M., Brand, J., & Carney, J. (2020). The Lancaster Sensorimotor Norms:
multidimensional measures of perceptual and action strength for 40,000 English words. Behavior Research
Methods, 52, 1271-1291.

Lynott, D., & Connell, L. (2009). Modality exclusivity norms for 423 object properties. Behavior Research
Methods, 41, 558-564. doi: 10.3758/BRM.41.2.558

124



Lynott, D., & Connell, L. (2013). Modality exclusivity norms for 400 nouns: The relationship between perceptual
experience and surface word form. Behavior Research Methods, 45, 516-526. doi: 10.3758/513428-012-0267-0

Ma-Kellams, C. (2014). Cross-cultural differences in somatic awareness and interoceptive accuracy: a review of the
literature and directions for future research. Frontiers in psychology, 5, 1379.

Ma-Kellams, C. (2014). Cross-cultural differences in somatic awareness and interoceptive accuracy: a review of the
literature and directions for future research. Frontiers in psychology, 5, 1379.

Maouene, J., Sethuraman, N., Uziel-Karl, S., & Hidaka, S. (2023). The associative system of early-learned Hebrew
verbs and body parts: a comparative study with American English. Cognitive Linguistics, (0).

Matsumoto, N., Watson, L. A., Fujino, M,, Ito, Y., & Kobayashi, M. (2022). Subjective judgments on direct and
generative retrieval of autobiographical memory: The role of interoceptive sensibility and emotion. Memory &
Cognition, 1-20.

Mazzuca, C., Lugli, L., Benassi, M., Nicoletti, R., & Borghi, A. M. (2018). Abstract, emotional and concrete concepts
and the activation of mouth-hand effectors. Peer], 6, €5987.

McCarty, R. (2016). The fight-or-flight response: A cornerstone of stress research. In Stress: Concepts, cognition,
emotion, and behavior (pp. 33-37). Academic Press.

Medford, N., & Critchley, H. D. (2010). Conjoint activity of anterior insular and anterior cingulate cortex: awareness
and response. Brain structure and function, 214, 535-549.

Melo, H. M., Nascimento, L. M., de Bem Alves, A. C,, Walz, R., & Takase, E. (2021). N2 event-related potential
component is associated with cardiac autonomic tone regulation during mental fatigue. Physiology & Behavior,
241, 113591.

Meteyard, L., Rodriguez Cuadrado, S., Bahrami, B., & Vigliocco, G. (2012). Coming of age: A review of
embodiment and the neuroscience of semantics. Cortex, 48, 788-804. doi: 10.1016/j.cortex.2010.11.002

Miceli, A., Wauthia, E., Lefebvre, L., Ris, L., & Simoes Loureiro, I. (2021). Perceptual and interoceptive strength
norms for 270 french words. Frontiers in psychology, 12, 667271.

Mishra, S., Srinivasan, N., & Tiwary, U. S. (2022). Cardiac-brain dynamics depend on context familiarity and their
interaction predicts experience of emotional arousal. Brain Sciences, 12(6), 702.

Moseley, R. L., & Pulvermueller, F. (2018). What can autism teach us about the role of sensorimotor systems in
higher cognition? New clues from studies on language, action semantics, and abstract emotional concept
processing. Cortex, 100, 149-190.

Moseley, R., Carota, F., Hauk, O., Mohr, B., and Pulvermiiller, F. (2012). A role for the motor system in binding
abstract emotional meaning. Cereb. Cortex 22, 1634-1647. doi: 10.1093/cercor/bhr238

Mul, C. L., Stagg, S. D., Herbelin, B., and Aspell, ]J. E. (2018). The feeling of me feeling for you: interoception,
alexithymia and empathy in autism. J. Autism Dev. Disord. 48, 2953-2967. doi: 10.1007/s10803-018-3564-3

Muraki, E. J., Sidhu, D. M., & Pexman, P. M. (2022). Heterogenous abstract concepts: Is “ponder” different from
“dissolve”?. Psychological Research, 86(8), 2478-2494.

Murtagh, F., and Legendre, P. (2014). Ward'’s hierarchical agglomerative clustering method: which algorithms
implement ward’s criterion? J. Classif. 31, 274-295. doi: 10.1007/s00357-014-9161-z

125



Nasrallah M, Carmel D, Lavie N (2009) Murder she wrote: enhanced sensitivity to negative word valence. Emotion
9(5): 609-618.

Neuper, C., Wortz, M., & Pfurtscheller, G. (2006). ERD/ERS patterns reflecting sensorimotor activation and
deactivation. Progress in brain research, 159, 211-222.

Nieuwenhuys, R. (2012). The insular cortex: a review. Progress in brain research, 195, 123-163.

Nittono, H., Suehiro, M., & Hori, T. (2002). Word imageability and N400 in an incidental memory
paradigm. International Journal of Psychophysiology, 44(3), 219-229.

Nook, E. C,, Sasse, S. F., Lambert, H. K., McLaughlin, K. A., & Somerville, L. H. (2017). Increasing verbal knowledge
mediates development of multidimensional emotion representations. Nature Human Behaviour, 1(12), 881.

Ondobaka, S., Kilner, J., & Friston, K. (2017). The role of interoceptive inference in theory of mind. Brain and
cognition, 112, 64-68.

Oostenveld, R., Fries, P., Maris, E., & Schoffelen, ]. M. (2011). FieldTrip: open source software for advanced analysis
of MEG, EEG, and invasive electrophysiological data. Computational intelligence and neuroscience, 2011, 1-9.

Paciorek, A., & Skora, L. (2020). Vagus nerve stimulation as a gateway to Interoception. Frontiers in Psychology, 11,
1659.

Paivio, A. (1983). The empirical case for dual coding. In J. C. Yuille (Ed.), Imagery, memory and cognition: Essays
in honor of Allan Paivio (pp. 307-332). Hills-dale, NJ: Erlbaum Associates.

Paivio, A. (1991). Dual coding theory - Retrospect and current status. Canadian Journal of Psychology-Revue
Canadienne de Psychologie, 45(3), 255-287

Palmer, C. E., & Tsakiris, M. (2018). Going at the heart of social cognition: is there a role for interoception in self-
other distinction?. Current opinion in psychology, 24, 21-26.

Palmer, J. A., Kreutz-Delgado, K., & Makeig, S. (2012). AMICA: An adaptive mixture of independent component
analyzers with shared components. Swartz Center for Computatonal Neursoscience, University of California San Diego,
Tech. Rep.

Pauligk, S., Kotz, S. A., & Kanske, P. (2019). Differential impact of emotion on semantic processing of abstract and
concrete words: ERP and fMRI evidence. Scientific Reports, 9(1), 14439.

Payne, B.R,, Lee, C. L., & Federmeier, K. D. (2015). Revisiting the incremental effects of context on word processing;:
Evidence from single-word event-related brain potentials. Psychophysiology, 52(11), 1456-1469.

Pecher, D., Zeelenberg, R. & Barsalou, L.W. Sensorimotor simulations underlie conceptual representations:
Modality-specific effects of prior activation. Psychonomic Bulletin &  Review 11, 164-167  (2004).
https://doi.org/10.3758/BF03206477

Pecher, D., Zeelenberg, R., & Barsalou, L. W. (2003). Verifying Different-Modality Properties for Concepts Produces
Switching Costs. Psychological Science, 14(2), 119-124. https://doi.org/10.1111/1467-9280.t01-1-01429

Pellegrino, M., Glicksohn, J., Marson, F., Ferraiuolo, F., & Ben-Soussan, T. D. (2023). The cloud of unknowing;:
Cognitive dedifferentiation in whole-body perceptual deprivation.

Petzschner, F. H., Weber, L. A., Wellstein, K. V., Paolini, G., Do, C. T., & Stephan, K. E. (2019). Focus of attention
modulates the heartbeat evoked potential. NeuroImage, 186, 595-606.

126


https://doi.org/10.3758/BF03206477
https://doi.org/10.1111/1467-9280.t01-1-01429

Pexman, P. M. (2019). The role of embodiment in conceptual development. Language, Cognition and
Neuroscience, 34(10), 1274-1283.

Pexman, P. M., Diveica, V., & Binney, R. J. (2023). Social semantics: the organization and grounding of abstract
concepts. Philosophical Transactions of the Royal Society B, 378(1870), 20210363.

Pfeifer, G., Garfinkel, S. N., van Praag, C. D. G,, Sahota, K., Betka, S., & Critchley, H. D. (2017). Feedback from the
heart: Emotional learning and memory is controlled by cardiac cycle, interoceptive accuracy and
personality. Biological Psychology, 126, 19-29.

Pham, T., Lau, Z. J.,, Chen, S. A., & Makowski, D. (2021). Heart rate variability in psychology: a review of HRV
indices and an analysis tutorial. Sensors, 21(12), 3998.

Phan, K. L., Wager, T., Taylor, S. F., & Liberzon, I. (2002). Functional neuroanatomy of emotion: a meta-analysis of
emotion activation studies in PET and fMRI. Neuroimage, 16(2), 331-348.

Pinna, T., & Edwards, D. J. (2020). A systematic review of associations between interoception, vagal tone, and
emotional regulation: Potential applications for mental health, wellbeing, psychological flexibility, and chronic
conditions. Frontiers in psychology, 11, 1792.

Pion-Tonachini, L., Kreutz-Delgado, K., & Makeig, S. (2019). ICLabel: An automated electroencephalographic
independent component classifier, dataset, and website. Neurolmage, 198, 181-197.

Pollatos, O., Kirsch, W., & Schandry, R. (2005). On the relationship between interoceptive awareness, emotional
experience, and brain processes. Cognitive brain research, 25(3), 948-962.

Ponari, M., Norbury, C. F., & Vigliocco, G. (2018). Acquisition of abstract concepts is influenced by emotional
valence. Developmental science, 21(2), €12549.

Ponari, M., Norbury, C. F., & Vigliocco, G. (2020). The role of emotional valence in learning novel abstract
concepts. Developmental Psychology, 56(10), 1855.

Ponari, M., Norbury, C. F., Rotaru, A., Lenci, A., & Vigliocco, G. (2018). Learning abstract words and concepts:
insights from developmental language disorder. Philosophical Transactions of the Royal Society B: Biological
Sciences, 373(1752), 20170140.

Popp, M., Trumpp, N. M., & Kiefer, M. (2016). Feature-specific event-related potential effects to action-and sound-
related verbs during visual word recognition. Frontiers in Human Neuroscience, 10, 637.

Porges, S. (1993). Body perception questionnaire. Laboratory of Developmental Assessment, University of Maryland, 10,
515327752jpa5304_1.

Porges, S. W. (2001). The polyvagal theory: phylogenetic substrates of a social nervous system. International journal
of psychophysiology, 42(2), 123-146.

Porges, S. W. (2003). The polyvagal theory: Phylogenetic contributions to social behavior. Physiology &
behavior, 79(3), 503-513.

Porges, S. W. (2009). The polyvagal theory: new insights into adaptive reactions of the autonomic nervous
system. Cleveland Clinic journal of medicine, 76(Suppl 2), S86.

Porges, S. W. (2011). The polyvagal theory: Neurophysiological foundations of emotions, attachment, communication, and
self-regulation (Norton Series on Interpersonal Neurobiology). WW Norton & Company.

127



Porges, S. W. (2022). Polyvagal theory: a science of safety. Frontiers in integrative neuroscience, 16, 27.

Preti, A., Vellante, M., Baron-Cohen, S., Zucca, G., Petretto, D. R., & Masala, C. (2011). The Empathy Quotient: A
cross-cultural comparison of the Italian version. Cognitive neuropsychiatry, 16(1), 50-70.

Prince, S. E., Daselaar, S. M., & Cabeza, R. (2005). Neural correlates of relational memory: successful encoding and
retrieval of semantic and perceptual associations. Journal of Neuroscience, 25(5), 1203-1210.

Prinz, J. ]. (2004). Furnishing the mind: Concepts and their perceptual basis. MIT press.
Pulvermiiller, F. (2005). Brain mechanisms linking language and action. Nature reviews neuroscience, 6(7), 576-582.

Pulvermiiller, F. (2013). How neurons make meaning: brain mechanisms for embodied and abstract-symbolic
semantics. Trends in cognitive sciences, 17(9), 458-470.

Pulvermuller, F., and Fadiga, L. (2010). Active perception: sensorimotor circuits as a cortical basis for
language. Nat. Rev. Neurosci. 11, 351-360. doi: 10.1038/nrn2811

Pylyshyn, Z. W. (1984). Computation and cognition. MIT Press.

Qi, M., & Gao, H. (2020). Acute psychological stress promotes general alertness and attentional control processes:
An ERP study. Psychophysiology, 57(4), e13521.

Quintana, D. S. (2017). Statistical considerations for reporting and planning heart rate variability case-control
studies. Psychophysiology, 54(3), 344-349.

Rahimi, S., Farahibozorg, S. R., Jackson, R., & Hauk, O. (2022). Task modulation of spatiotemporal dynamics in
semantic brain networks: an EEG/MEG study. Neuroimage, 246, 118768.

Raimo, S., Boccia, M., Gaita, M., Canino, S., Torchia, V., Vetere, M. A,, ... & Palermo, L. (2022). The bodily fundament
of empathy: The role of action, nonaction-oriented, and interoceptive body representations. Psychonomic Bulletin &
Review, 1-11.

Raimo, S., Boccia, M., Gaita, M., Canino, S., Torchia, V., Vetere, M. A,, ... & Palermo, L. (2022). The bodily fundament
of empathy: The role of action, nonaction-oriented, and interoceptive body representations. Psychonomic Bulletin &
Review, 1-11.

Reggin, L. D., Muraki, E. J., & Pexman, P. M. (2021). Development of abstract word knowledge. Frontiers in
Psychology, 12, 686478.

Renoult, L., Irish, M., Moscovitch, M., & Rugg, M. D. (2019). From knowing to remembering: the semantic—episodic
distinction. Trends in cognitive sciences, 23(12), 1041-1057.

Repetto, C., Rodella, C., Conca, F., Santi, G. C., & Catricala, E. (2022). The Italian Sensorimotor Norms: Perception
and action strength measures for 959 words. Behavior Research Methods, 1-13.

Roehm, D., Schlesewsky, M., Bornkessel, 1., Frisch, S., & Haider, H. (2004). Fractionating language comprehension
via frequency characteristics of the human EEG. Neuroreport, 15(3), 409-412.

Rossi AM. General methodological considerations. In: Zubek JP, editor. Sensory deprivation: Fifteen years of
research. New York: Appleton-Century-Crofts; 1969. p. 16-43

Sacchi, E., & Laszlo, S. (2016). An event-related potential study of the relationship between N170 lateralization and
phonological awareness in developing readers. Neuropsychologia, 91, 415-425.

128



Schachter, S., & Singer, J. (1962). Cognitive, social, and physiological determinants of emotional state. Psychological
review, 69(5), 379.

Schandry, R. (1981). Heart beat perception and emotional experience. Psychophysiology, 18(4), 483-488.

Schoeller, F., Haar, A. J. H, Jain, A, & Maes, P. (2019). Enhancing human emotions with interoceptive
technologies. Physics of life reviews, 31, 310-319.

Schroer, S., & Staubli, T. (2013). Bodily and embodied: Being human in the tradition of the Hebrew
Bible. Interpretation, 67(1), 5-19.

Schwanenflugel, P.]., & Stowe, R. W. (1989). Context availability and the processing of abstract and concrete words
in sentences. Reading Research Quarterly, 24, 114-126.

Schwanenflugel, P., & Shoben, E. (1983). Differential context effects in the comprehension of abstract and concrete
verbal materials. Journal of Experimental Psychology: Learning, Memory and Cognition, 9, 82-102

Seth, A. K. (2013). Interoceptive inference, emotion, and the embodied self. Trends in cognitive sciences, 17(11), 565-
573.

Seth, A. K., & Friston, K. J. (2016). Active interoceptive inference and the emotional brain. Philosophical Transactions
of the Royal Society B: Biological Sciences, 371(1708), 20160007.

Shaffer, F., & Ginsberg, J. P. (2017). An overview of heart rate variability metrics and norms. Frontiers in public
health, 258.

Shah, P., Catmur, C., & Bird, G. (2017). From heart to mind: Linking interoception, emotion, and theory of
mind. Cortex; a journal devoted to the study of the nervous system and behavior, 93, 220.

Shea, Nicholas. "Metacognition and abstract concepts." Philosophical Transactions of the Royal Society B: Biological
Sciences 373, no. 1752 (2018): 20170133.

Shea, Nicholas. "Metacognition and abstract concepts." Philosophical Transactions of the Royal Society B: Biological
Sciences 373, no. 1752 (2018): 20170133.

Shimizu, H., & Okabe, M. (2007). Evolutionary origin of autonomic regulation of physiological activities in
vertebrate phyla. Journal of Comparative Physiology A, 193, 1013-1019.

Siegel, D. J. (2010). Mindsight: The new science of personal transformation. Bantam.

Simmons, W. K., Ramjee, V., Beauchamp, M. S., Mcrae, K., Martin, A., and Barsalou, L. W. (2007). A common neural
substrate ~ for  perceiving and  knowing  about  color. Neuropsychologia 45,  2802-2810.  doi:
10.1016/j.neuropsychologia.2007.05.002

Singer, T., Critchley, H. D., & Preuschoff, K. (2009). A common role of insula in feelings, empathy and
uncertainty. Trends in cognitive sciences, 13(8), 334-340.

Soudry, Y., Lemogne, C., Malinvaud, D., Consoli, S. M., & Bonfils, P. (2011). Olfactory system and emotion:
common substrates. European annals of otorhinolaryngology, head and neck diseases, 128(1), 18-23.

Speed, L. J., & Brybaert, M. (2021). Dutch sensory modality norms. Behavior research methods, 1-13.
Steele, V. R., Bernat, E. M., Van Den Broek, P., Collins, P. F., Patrick, C. J., & Marsolek, C. J. (2013). Separable
processes before, during, and after the N400 elicited by previously inferred and new information: Evidence from

time—frequency decompositions. Brain research, 1492, 92-107.

129



Stites, M. C., & Laszlo, S. (2015, September). How do random effects structures impact LMER outcomes in an ERP
study?. In Psychophysiology (Vol. 52, pp. S116-5116). 111 RIVER ST, HOBOKEN 07030-5774, NJ USA: WILEY-
BLACKWELL.

Strauf, A., Henry, M. J., Scharinger, M., & Obleser, J. (2015). Alpha phase determines successful lexical decision in
noise. Journal of Neuroscience, 35(7), 3256-3262.

Straufi, A., Kotz, S. A., Scharinger, M., & Obleser, J. (2014). Alpha and theta brain oscillations index dissociable
processes in spoken word recognition. Neuroimage, 97, 387-395.

Strigo, I. A., & Craig, A. D. (2016). Interoception, homeostatic emotions and sympathovagal balance. Philosophical
Transactions of the Royal Society B: Biological Sciences, 371(1708), 20160010.

Sullivan, R. M., Wilson, D. A., Ravel, N., & Mouly, A. M. (2015). Olfactory memory networks: from emotional
learning to social behaviors. Frontiers in behavioral neuroscience, 9, 36.

Swaab, T. Y., Baynes, K., & Knight, R. T. (2002). Separable effects of priming and imageability on word processing:
an ERP study. Cognitive Brain Research, 15(1), 99-103.

Sztajzel, J. (2004). Heart rate variability: a noninvasive electrocardiographic method to measure the autonomic
nervous system. Swiss medical weekly, 134(35-36), 514-522.

Tanner, D., Morgan-Short, K., & Luck, S. J. (2015). How inappropriate high-pass filters can produce artifactual
effects and incorrect conclusions in ERP studies of language and cognition. Psychophysiology, 52(8), 997-1009.

Tarvainen, M. P., Niskanen, J. P., Lipponen, ]J. A., Ranta-Aho, P. O., & Karjalainen, P. A. (2014). Kubios HRV-heart
rate variability analysis software. Computer methods and programs in biomedicine, 113(1), 210-220.

Taylor, J. E., Rousselet, G. A., Scheepers, C., & Sereno, S. C. (2022). Rating norms should be calculated from
cumulative link mixed effects models. Behavior Research Methods, 1-22.

Terasawa, Y., Fukushima, H., & Umeda, S. (2013). How does interoceptive awareness interact with the subjective
experience of emotion? An fMRI study. Human brain mapping, 34(3), 598-612.

Terasawa, Y., Moriguchi, Y., Tochizawa, S., & Umeda, S. (2014). Interoceptive sensitivity predicts sensitivity to the
emotions of others. Cognition and Emotion, 28(8), 1435-1448.

Thrane, T. (1980). Referential-semantic analysis: aspects of a theory of linguistic reference.
0521227917 0521105714 9780521227919

Tibshirani, R., Walther, G., & Hastie, T. (2001). Estimating the number of clusters in a data set via the gap
statistic. Journal of the Royal Statistical Society: Series B (Statistical Methodology), 63(2), 411-423.

Triggiani, A. I, Valenzano, A., Del Percio, C., Marzano, N., Soricelli, A., Petito, A, ... & Babiloni, C. (2016). Resting
state Rolandic mu rhythms are related to activity of sympathetic component of autonomic nervous system in
healthy humans. International journal of psychophysiology, 103, 79-87.

Troche, J., Crutch, S. J., and Reilly, J. (2017). Defining a conceptual topography of word concreteness: clustering
properties of emotion, sensation, and magnitude among 750 english words. Front. Psychol. 8:1787. doi:
10.3389/Fpsyg.2017.01787

Tsakiris, M., & Critchley, H. (2016). Interoception beyond homeostasis: affect, cognition and mental
health. Philosophical Transactions of the Royal Society B: Biological Sciences, 371(1708), 20160002.

130



Tylén, K., Weed, E., Wallentin, M., Roepstorff, A., & Frith, C. D. (2010). Language as a tool for interacting
minds. Mind & Language, 25(1), 3-29.

Umeda, S., Tochizawa, S., Shibata, M., & Terasawa, Y. (2016). Prospective memory mediated by interoceptive
accuracy: a psychophysiological approach. Philosophical Transactions of the Royal Society B: Biological
Sciences, 371(1708), 20160005.

Van Berkum, J. J., Zwitserlood, P., Hagoort, P., & Brown, C. M. (2003). When and how do listeners relate a sentence
to the wider discourse? Evidence from the N400 effect. Cognitive brain research, 17(3), 701-718.

van Dantzig S, Cowell RA, Zeelenberg R, Pecher D. 2011A sharp image or a sharp knife: norms for the modality-
exclusivity of 774 concept-property items. Behav. Res. Methods 43, 145-154. (doi:10.3758/s13428-010-0038-8)

Van Dantzig, S., Pecher, D., Zeelenberg, R., & Barsalou, L. W. (2008). Perceptual processing affects conceptual
processing. Cognitive science, 32(3), 579-590.

Van Herk, H., Poortinga, Y. H., & Verhallen, T. M. (2004). Response styles in rating scales: Evidence of method bias
in data from six EU countries. Journal of Cross-Cultural Psychology, 35(3), 346-360.

Van Petten, C. (2014). Examining the N400 semantic context effect item-by-item: Relationship to corpus-based
measures of word co-occurrence. International Journal of Psychophysiology, 94(3), 407-419.

Vergallito, A., Petilli, M. A., & Marelli, M. (2020). Perceptual modality norms for 1,121 Italian words: A comparison
with concreteness and imageability scores and an analysis of their impact in word processing tasks. Behavior
Research Methods, 52, 1599-1616.

Vermeulen, N., Mermillod, M., Godefroid, J., & Corneille, O. (2009). Unintended embodiment of concepts into
percepts: Sensory activation boosts attention for same-modality concepts in the attentional blink
paradigm. Cognition, 112(3), 467-472.

Vermeulen, N., Corneille, O., & Niedenthal, P. M. (2008). Sensory load incurs conceptual processing
costs. Cognition, 109, 287-294. https://doi.org/10.1016/j.cognition.2008.09.00

Vigliocco, G., Kousta, S. T., Della Rosa, P. A., Vinson, D. P., Tettamanti, M., Devlin, J. T, & Cappa, S. F. (2014). The
neural representation of abstract words: the role of emotion. Cerebral Cortex, 24(7), 1767-1777.

Villani, C., Lugli, L., Liuzza, M. T., & Borghi, A. M. (2019). Varieties of abstract concepts and their multiple
dimensions. Language and Cognition, 11(3), 403-430.

Villani, C., Lugli, L., Liuzza, M. T., Nicoletti, R., & Borghi, A. M. (2021). Sensorimotor and interoceptive dimensions
in concrete and abstract concepts. Journal of memory and language, 116, 104173.

Visalli, A., Capizzi, M., Ambrosini, E., Kopp, B., & Vallesi, A. (2021). Electroencephalographic correlates of
temporal Bayesian belief updating and surprise. Neurolmage, 231, 117867.

Von Stein, A., & Sarnthein, J. (2000). Different frequencies for different scales of cortical integration: from local
gamma to long range alpha/theta synchronization. International journal of psychophysiology, 38(3), 301-313.

Vukovic, N., Feurra, M., Shpektor, A., Myachykov, A., & Shtyrov, Y. (2017). Primary motor cortex functionally
contributes to language comprehension: An online rTMS study. Neuropsychologia, 96, 222-229.

Wackermann, J., Piitz, P., & Allefeld, C. (2008). Ganzfeld-Induced Hallucinatory Experience, Its Phenomenology
and Cerebral Electrophysiology. Cortex, 44, 1376-1378.

131


http://dx.doi.org/10.3758/s13428-010-0038-8
https://doi.org/10.1016/j.cognition.2008.09.004

Wakabayashi, A., Baron-Cohen, S., Wheelwright, S., Goldenfeld, N., Delaney, ]., Fine, D., ... & Weil, L. (2006).
Development of short forms of the Empathy Quotient (EQ-Short) and the Systemizing Quotient (SQ-Short).
Personality and individual differences, 41(5), 929-940.

Ward, J. H. (1963). Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 58, 236-244. doi:
10.2307/2282967

Warrington, E. K., & Shallice, T. (1984). Category specific semantic impairments. Brain, 107(3), 829-853.

Wauters, L. N, Tellings, A. E. ]. M., Van Bon, W. H. J., and Van Haaften, A. W. (2003). Mode of acquisition of word
meanings: the viability of a theoretical construct. Appl. Psycholinguist. 24, 385-406.

Welcome, S. E., Paivio, A., McRae, K., & Joanisse, M. F. (2011). An electrophysiological study of task demands on
concreteness effects: evidence for dual coding theory. Experimental brain research, 212, 347-358.

Weng, H. Y., Feldman, J. L., Leggio, L., Napadow, V., Park, J., & Price, C. J. (2021). Interventions and manipulations
of interoception. Trends in neurosciences, 44(1), 52-62.

Werner, H. (1978). Unity of the senses. In S. S. Barten & M. B. Franklin (Eds.), Developmental processes: Heinz Werner's
selected writings (Vol. 1, pp. 153-167). New York: International Universities Press.

West, W. C., & Holcomb, P. ]J. (2000). Imaginal, semantic, and surface-level processing of concrete and abstract
words: an electrophysiological investigation. Journal of Cognitive Neuroscience, 12(6), 1024-1037.

Whitney, William D. 1867. Language and the Study of Language: Twelve Studies on the Principles of Linguistic
Science. New York: Charles Scribner

Wiemer-Hastings, K., & Xu, X. (2005). Content differences for abstract and concrete concepts. Cognitive Science,
29, 719 -736. http://dx.doi .org/10.1207/s15516709cog0000_33

Wiens, S. (2005). Interoception in emotional experience. Current opinion in neurology, 18(4), 442-447.

Willems, R. M., & Casasanto, D. (2011). Flexibility in embodied language understanding. Frontiers in psychology, 2,
116.

Williams, J. (1991). Constant questions or constant meanings? Assessing intercultural motivations in alcoholic
drinks. Marketing and Research Today, 19(3), 169-177.

Wilson-Mendenhall, C. D., Henriques, A., Barsalou, L. W., & Barrett, L. F. (2019). Primary interoceptive cortex
activity during simulated experiences of the body. Journal of cognitive neuroscience, 31(2), 221-235.

Wingfield, C., & Connell, L. (2022). Understanding the role of linguistic distributional knowledge in
cognition. Language, Cognition and Neuroscience, 37(10), 1220-1270.

Winsler, K., Midgley, K. J., Grainger, J., & Holcomb, P. J. (2018). An electrophysiological megastudy of spoken
word recognition. Language, cognition and neuroscience, 33(8), 1063-1082.

Wu, S., & Keysar, B. (2007). The effect of culture on perspective taking. Psychological Science, 18(7), 600—-606.

Yaghoubi Jami, P.,, Mansouri, B.,, Thoma, S. J., & Han, H. (2019). An investigation of the divergences and
convergences of trait empathy across two cultures. Journal of Moral Education, 48(2), 214-229.

132



Yener, G. G., Emek-Savas, D. D, Lizio, R., Cavusoglu, B., Carducdi, F., Ada, E,, ... & Basar, E. (2016). Frontal delta
event-related oscillations relate to frontal volume in mild cognitive impairment and healthy controls. International
Journal of Psychophysiology, 103, 110-117.

Zhou, P., Critchley, H., Garfinkel, S., & Gao, Y. (2021). The conceptualization of emotions across cultures: A model
based on interoceptive neuroscience. Neuroscience & Biobehavioral Reviews, 125, 314-327.

Zhuang, J., Randall, B., Stamatakis, E. A., Marslen-Wilson, W. D., & Tyler, L. K. (2011). The interaction of lexical
semantics and cohort competition in spoken word recognition: an fMRI study. Journal of Cognitive
Neuroscience, 23(12), 3778-3790.

133



Supplementary Figures

N400

Main effect of Type (AC vs CC)

Slgnificant results at
Time: 500 ~ 550 ms
Scalp location: Fpz, Fp2, Fz, F4, FC1, FC2

i s i A
;;J? 400 "B00 1200 1600 -;E)E 400 “B00 1200 1600 ;E)E 400 V00 1200 1600 -:DEJE 400 800 1200 1600
25 25 25 -25
25F3 25z 25F4 25fF8
u—1£ i -JJ hlj--ﬂl -——li‘f"\ Artyrrecr st
@ 400 00 1600 @ 400 00 1600 ;og 400 1200 1600 -400,-4] 400 "800 1200 1600
25 25 25 25
25FC5 25FC1 25FC2 25FC6
u-ulii n-.li -«-li u-l,id"\ R
;5? 400 800 1200 1600 M 400 00 1600 ;EJE 400 1200 1600 400 1| 400 800 1200 1600
25 25 25 25
25M1 2517 253 25Cz
| s N e S | 1y, NPT —o. |
-400,-3 400 800 1200 1600 -400,-1| 400 800 1200 1600 -400,4| 400 800 1200 1600 -@ 400 800 1200 1600
25 25 25 25
25C4 2518 25M2 25(CP5
BTN s el Aon,_smacetres N IV i et B
-400,-3] 400 800 1200 1600 -400,-4| 400 800 1200 1600 -400,-4 100 800 1200 1600 -400,-1] 400 800 1200 1500
25 25 25 25
25CP1 25CP2 25CP6 25P7
-400,-3] ~ 400 800 1200 1500 -400, " 400 800 1200 1600 -400,4| 400 800 1200 1600 -400, 1 %400 800 1200 1600
25 25 25 25
25P3 25Pz 25P4 25P8
-400,-1] 400 800 1200 1600 -400,-1| 400 800 1200 1600 -400,1| 400 800 1200 1600 -@ 400 800 1200 1600
25 25 25 25
25P0zZ 2501 250z 2502
400 . Vioo 800 1200 1600 400, 4 Vioo 800 1200 1600 400, Vioo 800 1200 1600 400 1 l‘ﬂ‘m 800 1200 1600
25 25 25 25

Abstract Concepts

Concrete Concepts

Supplementary Figurel: Plot of time course for Abstract and Concrete concepts in each single channel
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