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The relation of abstract concepts to the modality-specific systems is discussed controversially. According to classical approaches, the semantic content of abstract concepts can only be coded by amodal or verbal-symbolic representations distinct from the sensory and motor systems, because abstract concepts lack a clear physical referent. Grounded cognition theories, in contrast, propose that abstract concepts do not depend only on the verbal system, but also on a variety of modal systems involving perception, action, emotion and internal states. In order to contribute to this debate, we investigated the semantic content of abstract concepts using a property generation task. Participants were asked to generate properties for 296 abstract concepts, which are relevant for constituting their meaning. These properties were categorized by a coding-scheme making a classification into modality-specific and verbal contents possible. Words were additionally rated with regard to concreteness/abstractness and familiarity. To identify possible subgroups of abstract concepts with distinct profiles of generated features, hierarchical cluster analyses were conducted. Participants generated a substantial proportion of introspective, affective, social, sensory and motor-related properties, in addition to verbal associations. Cluster analyses revealed different subcategories of abstract concepts, which can be characterized by the dominance of certain conceptual features. The present results are therefore compatible with grounded cognition theories, which emphasize the importance of linguistic, social, introspective and affective experiential information for the representation of abstract concepts. Our findings also indicate that abstract concepts are highly heterogeneous requiring the investigation of well-specified subcategories of abstract concepts, for instance as revealed by the present cluster analyses. The present study could thus guide future behavioral or imaging work further elucidating the representation of abstract concepts.
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INTRODUCTION

Research on conceptual knowledge is an important topic in cognitive psychology and in cognitive science in general. Central human abilities, such as problem solving, action planning, object recognition, communication and language crucially depend on conceptual knowledge stored in semantic long-term memory (Tulving, 1972; Humphreys et al., 1988; Kiefer and Pulvermüller, 2012). There is an agreement that concepts are the basic units of cognition. Concepts are defined as mental entities, which provide factual knowledge by integrating our sensory and motor experiences with the environment in a categorical fashion (Humphreys et al., 1988; Kiefer and Pulvermüller, 2012). They refer to concrete objects, but also to referents, which are not directly observable, like mental or emotional states, abstract ideas, social constellations and scientific theories. A main question in this regard concerns the role of modality-specific systems in the representation of conceptual knowledge.

Traditional models of semantic memory propose that concepts are represented in an amodal, symbolic format distinct from sensory and motor systems (Collins and Loftus, 1975; Anderson, 1978; Pylyshyn, 1980; Fodor, 2001; Mahon and Caramazza, 2009). These models have the advantage to naturally explain the representation of all concepts since an amodal and symbolic code is very potent in terms of computational power (Rogers et al., 2004; Patterson et al., 2007). This becomes especially evident when considering abstract concepts, which lack a clear physical referent by definition. At a first glance, abstract concepts do not rely on sensory and motor or other modality-specific information so that their representation might be quite naturally explained within an amodal theoretical framework. At the neural level, anterior (Patterson et al., 2007; Visser et al., 2010) and posterior (Gold et al., 2006; Hoffman et al., 2012) temporal cortices have been proposed as the central correlates of conceptual representation, serving as amodal semantic hubs. Such amodal theories assume that sensory and motor brain systems are not causally involved in retrieving conceptual information, their engagement is rather seen as an epiphenomenon (McClelland and Rogers, 2003).

More recent embodied or grounded cognition theories (Gallese and Lakoff, 2005; Pulvermüller, 2005; Barsalou, 2008; Borghi and Cimatti, 2009; Kousta et al., 2009; Louwerse, 2011; Meteyard et al., 2012; Kiefer and Barsalou, 2013), in contrast, propose that concepts are essentially represented in distinct modality-specific areas. These theories postulate that conceptual features are represented through cell assemblies distributed over sensory, motor, introspective and emotional brain regions. In accordance with Hebbian theory (Hebb, 1949), these functional neural networks result from simultaneous activations of already existing local and distributed cell assemblies in modality-specific areas (Pulvermuller and Fadiga, 2010). Hence, conceptual knowledge is highly dependent on individual experience (Kiefer et al., 2007; Beilock et al., 2008; Lyons et al., 2010; Willems et al., 2010; Hoenig et al., 2011). It is assumed that these modality-specific areas functionally contribute to conceptual comprehension (Pulvermüller, 2005). According to recently emerging hybrid models, conceptual knowledge is the result of processing in modality-specific brain circuits, which interact with multimodal connection hubs (Kiefer and Pulvermüller, 2012; Garagnani and Pulvermuller, 2016). The latter are thought to serve general semantic binding and integration.

Studies supporting grounded cognition theories mainly investigated the representation of concrete concepts, like “hammer” or “to ring” (for reviews see: Kiefer and Pulvermüller, 2012; Meteyard et al., 2012; Kiefer and Barsalou, 2013; for an extension of grounded cognition theories to abstract concepts, see below). Several studies using functional neuroimaging techniques showed that processing of action- (e.g., Hoenig et al., 2008), visual- (Simmons et al., 2007), gustatory- (e.g., Barros-Loscertales et al., 2012), olfactory- (Gonzalez et al., 2006), and sound-related (Kiefer et al., 2008) concepts elicits activations in corresponding modality-specific brain regions. Similar results providing evidence in favor of grounded cognition theories derived from electrophysiological (e.g., Trumpp et al., 2014), behavioral (e.g., Garcia and Ibanez, 2016), neuropsychological (e.g., Trumpp et al., 2013) and transcranial magnetic stimulation (TMS) studies (e.g., Pulvermüller et al., 2005).

While the grounding of concrete object concepts in the sensory and motor systems is well documented, the mere existence of abstract concepts such as “beauty”, “freedom” and “justice” is a serious challenge for the grounded cognition framework. Abstract concepts are characterized by a lack of unique physical features, such as form, color and texture and hence lack a clearly perceivable referent (Crystal, 2004). As a clear physical referent, which can be experienced by our senses, is missing (Paivio, 1986), grounded cognition approaches must be extended in order to account for the representations of abstract concepts. To this end, refined grounded cognition approaches to abstract concepts such as the affective embodiment account (AEA; Kousta et al., 2009), the language and situated simulation theory (LASS; Barsalou et al., 2008) and the words as social tools approach (WAT; Borghi and Binkofski, 2014) have been developed (for similiar approaches, also see Louwerse, 2011; Connell and Lynott, 2012, 2014). They emphasize the importance of linguistic (Barsalou et al., 2008; Kousta et al., 2009; Borghi and Binkofski, 2014), social (Borghi and Binkofski, 2014), introspective (Kiefer and Barsalou, 2013), and affective (Kousta et al., 2009) experiential information for the representation of abstract concepts, in addition to sensorimotor information (see Connell, 2018) – which is utilized through metaphoric relations to concrete concepts as stated in the conceptual metaphor theory (Lakoff and Johnson, 1980). The significance of social, affective and introspective information can be illustrated when considering the concepts “freedom” and “justice”. Thinking about freedom might simulate experiential information one gathered within the hippie movement in the 1960s, feeling free and maybe a bit rebellious (affective and introspective aspects) while protesting with like-minded people for a social upheaval (social aspect). Thinking about justice on the other hand might evoke information about a court hearing with two opposing parties (e.g., hippies vs. policemen; social aspect), where the winning party gets into the flush of victory while the losing party feels shocked and ruined (affective and introspective aspects).

Based on these considerations, a clear-cut distinction between concrete and abstract concepts, as suggested for instance by Paivio (1986) in his Dual Code Theory, is at least questionable (see also Wiemer-Hastings et al., 2001; Connell and Lynott, 2012): Paivio proposed that abstract concepts are stored in a verbal-symbolic code only, whereas concrete concepts rely on both a visual imaginary and a verbal-symbolic code. In line with Paivio’s reasoning, it has been claimed more recently that abstract concepts require amodal, verbal-symbolic representations (Mahon and Caramazza, 2009).

However, this notion of a strict dichotomy between concrete and abstract concepts with abstract concepts relying only on verbal-symbolic representations has been challenged (Wiemer-Hastings and Xu, 2005). Abstract concepts frequently activated left hemispheric language regions in neuroimaging studies (Desai et al., 2011; Sakreida et al., 2013) suggesting a relatively higher importance of verbal associations for this conceptual category. However, activity within the sensorimotor system was also obtained for both abstract and concrete words (Pexman et al., 2007), indicating that abstract concepts also depend on sensory and motor information.

Other research also suggested that concrete and abstract concepts rather differ with regard to their situational content than their representation format (Wiemer-Hastings and Xu, 2005). Although a bimodal distribution of concreteness ratings indicated a categorization of abstract and concrete concepts into two large clusters, there was also a large variance within these clusters (Wiemer-Hastings et al., 2001). Furthermore, introspection-based aspects determined abstractness ratings. The role of internal states for the meaning of abstract concepts was confirmed in a further property listing study by Barsalou and Wiemer-Hastings (2005). Participants of their study were asked to generate associations with regard to abstract (e.g., “freedom”), concrete (e.g., “car”) and intermediate (e.g., “farm”) concepts. Concrete concepts evoked properties related to objects, locations and behaviors in situations, whereas abstract concepts were mainly associated with introspections, mental states and social aspects of situations with intermediate concepts lying in between. More recent studies using ratings and subsequent hierarchical cluster analyses for a large set of concrete and abstract words also found abstract concepts to be more strongly associated with emotions, social cognition, internal and mental states than concrete concepts (Troche et al., 2014, 2017; Binder et al., 2016). The involvement of introspection and internal states in the processing of abstract concepts is also indicated by neuroimaging work. For instance, Wilson-Mendenhall et al. (2013) showed their participants the abstract concept “convince” during a concept-scene matching task, where brain areas underlying mental states and social interaction became active.

In addition to introspections, social aspects and verbal associations, the semantic content of abstract concepts also seems to depend on the sensory and motor systems, similar to concrete object concepts, albeit perhaps to a somewhat smaller extent (Barsalou and Wiemer-Hastings, 2005; Troche et al., 2014, 2017; Binder et al., 2016). Studies providing modality ratings for concrete and abstract concepts showed an association of sensory experience with all concepts, regardless of whether they are classed as abstract or concrete (Lynott and Connell, 2009, 2013; van Dantzig et al., 2011). Behavioral studies examining the “Action-Sentence-Compatibility Effect” (Glenberg and Kaschak, 2002; Glenberg et al., 2008) indicated a contribution of the motor system to the comprehension of abstract concepts, when participants processed them within sentences. Neuroimaging studies also demonstrated the involvement of sensory and motor brain systems during the processing of abstract emotion words similar to face- and arm-related action words (Moseley et al., 2012; see also Dreyer et al., 2015; Vukovic et al., 2017) or during the processing of physical concepts (e.g., “frequency”) similar to performing rhythmic movements (Mason and Just, 2016).

Taken together, behavioral and neuroimaging studies indicated that abstract concepts not only depend on the verbal system (Wang et al., 2010), but also on a variety of modal systems involving perception, action, emotion and internal states. Although many studies considered abstract concepts as an undifferentiated conceptual category, defined solely by a lack of a perceivable physical referent and contrasted them as a uniform class to concrete concepts (see Wang et al., 2010), the semantic content of abstract concepts might be much richer and highly heterogeneous (Wiemer-Hastings et al., 2001). For instance, differential patterns of conceptual relations for abstract emotional and non-emotional concepts were found (Barca et al., 2017). This might explain, why neuroimaging studies reviewed above revealed inconsistent brain areas implicated in the processing of abstract concepts.

Given the probable heterogeneity of abstract concepts, in the present study, we characterized the semantic content of a large set of 296 abstract concepts using property listings. We determined the relative contribution of modal sensory, motor, introspective or social properties to the semantic content of abstract concepts, in addition to verbal associations. The present work had two goals: (i) Although our property listing study does not formally allow to test competing theories of the representation of abstract concepts, the results of our study are nevertheless informative: The presence of modal properties in participants’ listings would be an important prerequisite for the validity of grounded cognition theories. (ii) The obtained property listings for a large set of abstract concepts should provide an estimate of their semantic feature composition. The property listings provide information with regard to the heterogeneity of feature types across concepts and allows to determine possible subcategories. Results are provided as Supplementary Material (see Supplementary Dataset S1), which might thus guide future behavioral and neuroimaging work investigating the representation of abstract concepts.

To assess the semantic content of abstract concepts, we used a property generation task similar to Barsalou and Wiemer-Hastings (2005). Participants were asked to write down properties such as features, situations and associations coming into mind for 296 abstract concepts. These properties were categorized by a coding-scheme making a classification into modality-specific and verbal contents – namely into sensorimotor features, features describing social constellations, internal states and emotions as well as verbal associations – possible. These 296 concepts were furthermore rated with regard to their familiarity and concreteness/abstractness in two ratings. Lemma frequency and word length were also part of the analysis. Hierarchical cluster analyses were used to shed light into the heterogeneity of abstract concepts. In line with the aforementioned theories of the grounded cognition framework, we hypothesized that abstract concepts are grounded in various modal systems, as it already has been shown with regard to social, affective and introspective experiential information. We furthermore expected that abstract concepts are grounded in the sensorimotor system as well, indicated by a considerable percentage of generated sensorimotor properties in the property generation task. Finally, we assumed that abstract concepts can be divided in several subcategories depending on conceptual feature relevance similar to concrete ones.

MATERIALS AND METHODS

Participants

Sixty healthy volunteers (Mage = 22.4 years, range = 18 – 46 years, 44 females) from Ulm University participated in the property generation task. All participants were native German speakers (two participants grew up bilingually) with no history of psychiatric or neurological disorders. Another 30 healthy, native German speakers – who did not participate in the property generation task – took part in two ratings: 15 of these subjects (Mage = 24.6 years, range = 19 – 49 years, 10 females) participated in the first rating, another 15 subjects (Mage = 27.0 years, range = 23 – 32 years, 10 females) took part in the second rating. Subjects gave written informed consent and were paid eight Euro for participation in the property generation task and study credits for taking part in the rating studies, respectively. The procedure of the study was approved by the Ethical Committee of Ulm University.

Stimuli

Three-hundred word stimuli were selected from a German dictionary (Scholze-Stubenrecht, 2009) on the basis of the operational definition of abstract concepts (Paivio, 1986; Crystal, 2004): Abstract concepts do not relate to entities that can be directly experienced by our senses and hence lack a clearly perceivable referent. To avoid any effects attributable to the word category, we decided to select abstract nouns only. Words, which were too concrete and hardly used in common parlance as well as foreign words, religious concepts and scientific concepts, were not included. To avoid excessive work load in the property generation task, the 300 abstract words were randomly assigned to one of six questionnaires, comprising 50 words each. To further avoid sequence effects, pages within the six questionnaires were randomized five times. Hence, properties for each abstract word were generated by 10 subjects. Four of the 300 words were excluded subsequently, because three of them (“Pech” – “bad luck”/”pitch”, “Vorstellung” – “imagination”/“show”, “Einstellung” – “attitude”/“setting”) turned out to be ambiguous and one of them (“Lachen” – “laugh”) proved to be too concrete. Therefore, a total of 296 abstract words were included in the analyses.

Procedure

Property Generation Task

Participants were informed that the study investigates word generation. The instruction was kept as open as possible in order not to direct answers in any direction. Subjects were asked to generate and write down associations, properties or situations that come into their mind when thinking about the presented words as spontaneously as possible, but without any temporal limitations. Participants were further instructed to write down about four properties and to avoid synonyms for the respective terms. If no property/situation came into mind, participants were told to skip this particular word. Within the instruction, subjects were given two words (e.g., “hallucination”) and potential properties (e.g., “colorful”, “loud”, “hearing voices”) as examples, which were not part of the actual word stimuli.

Ratings

Participants were asked to rate 300 abstract and 77 concrete words with regard to familiarity and concreteness/abstractness (valence and arousal ratings were also obtained. However, they were considered for use in future studies and hence were not analyzed here). Familiarity was rated on a 6-point Likert scale on basis of the two poles “low familiarity” and “high familiarity”, with higher scores indicating higher familiarity. The instructions asked the subjects to make their decision based on whether they often use, see or hear the named concepts, or whether the term is rather rarely encountered. A similar scale with the poles “abstract” and “concrete” was used regarding concreteness/abstractness, with higher scores indicating higher concreteness. Subjects were guided by the classical definition of abstractness whereby named concepts with a lack of perceivable physical features should receive ratings of high abstractness (i.e., low scores of concreteness), while terms referring to perceivable objects, persons or materials should be rated with high concreteness scores. The written instructions provided subjects with three examples and potential ratings each (e.g., “joy”, high familiarity, high abstractness; not used in the critical ratings). Subjects were instructed to rate the words as spontaneously as possible.

Ratings were obtained in two separate samples in order to decrease the number of ratings in each subject. In the first sample, participants rated 190 abstract and 49 concrete words on a paper-pencil questionnaire. In the second sample, the remaining 110 abstract as well as 28 concrete words were rated. For better practicability an online questionnaire was used1. Concrete words (e.g., “table”, “donkey”) were included in the questionnaires in order to avoid response bias (ratio of abstract to concrete words in both rating studies was approximately equal [∼ 1:4]).

Data Analysis

Data Coding Scheme

A coding scheme adopted from Barsalou and Wiemer-Hastings (2005) was developed in order to qualitatively analyze the generated properties and to assign these properties to one of five main categories. The categories and their definitions are as follows:

(I) Sensorimotor feature: A feature that can be experienced by our senses. It describes the meaning of the abstract concept, or the abstract concept can be applied to this feature. In order to investigate the modality-specific nature of abstract concepts more closely, the category “sensorimotor feature” was further divided into seven subcategories: visual (e.g., “colorful painting” for “creativity”), acoustic (e.g., “loud” for “argument”), motor-related (e.g., “hug” for “sympathy”), tactile (e.g., “fluffy” for “comfort”), olfactory (e.g., “sulfurous” for “disgust”), gustatory (e.g., “bitter” for “disgust”) and interoceptive (e.g., “stomach ache” for “hunger”) feature.

(II) Social constellation: a feature or a situation that describes the coexistence of different persons or which implies an interaction between at least two different persons, e.g., “friends” for “sympathy”.

(III) Internal state and emotion: a feature or a situation that reflects internal, cognitive processes (e.g., motivation, emotion, volition). Also a feature or a situation that describes the character of an individual and which implies an evaluation of the respective abstract concept, e.g., “joy” for “sympathy”.

(IV) Association: a feature or a situation that does not describe the abstract concept, but which is thematically or symbolically related to it. This feature does not directly contribute to the understanding of the abstract concept, e.g., “sun” for “sympathy”.

(V) Other abstract concept: an abstract feature that describes the abstract concept or to which the abstract concept can be applied. This category also includes all terms that are identical to one of the other words used in the questionnaire, e.g., “karma” for “sympathy”.

Hence, the subjects’ responses were classified into eleven categories. Double coding was possible (e.g., “to paint” as visual and motor-related feature of “talent”).

Two independent coders used the aforementioned coding scheme to classify the generated properties. Coders were trained to achieve high reliability and to keep inter-individual variance as low as possible (see Barsalou and Wiemer-Hastings, 2005; Barca et al., 2017; Trumpp and Kiefer, 2018 for similiar coding procedures). The two coders were different from the authors and naïve to the purpose of the study. They saw the abstract word while coding each property in order to decide whether the generated feature reflects a verbal association or a semantic property of the respective concept. Inter-rater reliability (see Barsalou and Wiemer-Hastings, 2005 for a similar method of reliability analysis) in terms of joint probability of agreement was 76.79 %.

Statistical Analysis

Data was analyzed using RStudio (version 1.0.153; RStudio-Team, 2015) and R’s (R-Core-Team, 2017) packages “ez” (Lawrence, 2016), “car” (Fox and Weisberg, 2011), “cluster” (Maechler et al., 2017) and “NbClust” (Charrad et al., 2014). After coding was completed, relative frequencies were calculated for each feature type per concept within each subject (e.g., a participant reported four properties for a specific concept: two motor-related features, one visual feature and one association. Thus, the relative frequency for motor-related features was 2/4 = 0.5, for visual related features and associations 1/4 = 0.25, each). In a second step, relative frequencies for each feature type and concept were averaged across all subjects.

In order to identify significant differences of relative frequencies of generated features between categories, univariate repeated measures analyses of variance were carried out. Level of significance was defined as p < 0.05. When significant variation between categories was indicated, post hoc testing (Bonferroni post hoc tests) was performed. Since we assumed (on the basis of the aforementioned theories) that both categories “association” and “other abstract concept” reflect verbal associations, these categories were combined into the superordinate category “verbal association”. The first analysis considered the category “sensorimotor feature” as a whole and thus consisted of the four factor levels “sensorimotor feature”, “social constellation”, “internal state/emotion” and “verbal association”. To further investigate the distribution of the sensorimotor features in detail, a second analysis was carried out in which the seven specific sensorimotor features were compared.

Welch’s t-test was used to compare concreteness/abstractness and familiarity ratings of concrete and abstract concepts. This analysis also had the purpose of validating the selection of our stimuli by showing that our selected abstract concepts were indeed rated abstract. Welch’s t-test was chosen because of the different number of stimuli per word category. Levene’s test also indicated that the assumption of homogeneity of variances was not fulfilled.

Additional correlation (Pearson’s r) analyses were performed to examine possible relationships between concreteness/abstractness ratings and the generated characteristics, the ratings of familiarity and eventually lemma frequency (derived from the German lexical database dlexDB; Heister et al., 2011) and word length (number of letters). Subsequent regression analyses with concreteness/abstractness ratings as the dependent variable aimed at answering the questions of what constitutes abstractness and of how the observed heterogeneity within the concreteness/abstractness ratings can be explained.

To further identify possible homogeneous subgroups of abstract concepts with distinct profiles of generated features, hierarchical cluster analyses were conducted (see Supplementary Data S2, S3 for the R script of our cluster analyses and the matching data set). Hierarchical cluster analyses were used in order to generate internally homogeneous clusters while variability between clusters is maximized. Cluster Analysis 1 was based on the four clustering variables “sensorimotor feature”, “social constellation”, “internal state/emotion” and “verbal association”. Cluster Analysis 2 was based on the seven specific sensorimotor features (e.g., visual, motor-related, …) in order to investigate the structure of the data in a more detailed fashion. Cluster analyses were carried out on the basis of Euclidean distances as a measure of distances between clusters. To identify and subsequently remove outliers, the single-linkage clustering method was used. The single-linkage method, which is based on minimal distances between clusters and tends to produce chaining effects, is highly sensitive to the presence of outliers, since objects with extreme differences to all other objects are the last ones to converge. Visual inspection of the resulting dendrogram can consequently be used as a tool to remove outliers (Steinbach et al., 2004). After eliminating the outliers, Ward’s (1963) method, which minimizes within-group dispersion based on a sum-of-squares criterion (Murtagh and Legendre, 2014), was applied to the data. Because there is no universally accepted method for determining the optimal number of clusters, we took into account theory-driven, visual (inspection of the dendrograms, and the “elbow test”) and statistical (based on the “NbClust” package in R 3.4.1.: a package providing 26 indices, such as Calinski and Harabasz index and Silhouette index; Charrad et al., 2014) criteria.

We did not conduct an additional factor analysis because we were interested in finding different subcategories of abstract concepts characterized by a multidimensional feature space and not in reducing the number of underlying feature dimensions.

RESULTS

On average, 3.37 properties per word were generated showing that participants followed the instructions.

Analysis 1 – Overview

The first analysis comprised four categories: “sensorimotor feature” (SM), “social constellation” (SC), “internal state/emotion” (IS/E) and “verbal association” (VA). Figure 1 shows relevant descriptive statistics and the corresponding boxplots. At the descriptive level, participants generated the highest portion of features within the “sensorimotor feature” category (M = 0.337) followed by the “internal state/emotion” (M = 0.325), the “verbal association” (M = 0.260) and the “social constellation” (M = 0.078) categories. A univariate repeated measures ANOVA revealed that relative frequency of generated features differed significantly between categories [F(3,885) = 161.19, p < 0.001; Greenhouse–Geisser-corrected p-value]. Post hoc comparison using Bonferroni tests revealed significant differences between all conditions (all ps < 0.001).
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FIGURE 1. Descriptive statistics of Analysis 1 and corresponding boxplots. M = mean; SD = standard deviation; x0.1/0.9 = first and ninth decile. SM = sensorimotor feature; IS/E = internal state/emotion; SC = social constellation; VA = verbal association. ExHigh/ExLow depicts exemplary abstract concepts with a high/low portion of generated features in the respective categories.



As can be seen in the boxplots (Figure 1), the ranges within categories were quite large, reflecting a rather heterogeneous generation of properties. This becomes particularly evident when considering the “sensorimotor feature” category, where subjects generated between 0.0 and 91.6% sensorimotor features per word. A similar result pattern was also observed with regard to the other categories (rangeinternal state/emotion = 0.00 – 0.783, rangesocial constellation = 0.00 – 0.521, rangeverbal association = 0.00 – 0.715). Figure 1 (lower part) gives an overview of examples reflecting a rather high or a rather low portion of generated features in the respective categories.

Analysis 2 – Distribution of Sensorimotor Features in Detail

The second analysis comprised the seven modality-specific subcategories “visual”, “acoustic”, “motor-related”, “tactile”, “olfactory”, “gustatory” and “interoceptive”. Descriptive statistics and corresponding boxplots are shown in Figure 2. At the descriptive level the highest relative frequencies were generated within the categories “visual” (M = 0.148) and “motor-related” (M = 0.131), followed by the acoustic category (M = 0.029). All other categories (Mtactile = 0.007, Molfactory = 0.003, Mgustatory = 0.006, Minteroceptive = 0.013) only played a marginal role in the generation of properties. Relative frequencies differed significantly between the subcategories as shown by a second univariate repeated measures ANOVA [F(6,1770) = 346.34, p < 0.001; Greenhouse–Geisser-corrected p-value]. Post hoc Bonferroni tests revealed that relative frequency did not differ between the “visual” and “motor-related” categories (p = 1.00) and between the “tactile”, “gustatory” and “olfactory” categories (all ps > 0.10). All other comparisons were statistically significant (all ps < 0.05).
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FIGURE 2. Descriptive statistics of Analysis 2 and corresponding boxplots. M = mean; SD = standard deviation; x0.1/0.9 = first and ninth decile. ExHigh/ExLow depicts exemplary abstract concepts with a high/low portion of generated features in the respective categories.



Inspection of the boxplots in Figure 2 also indicates that ranges within single categories were relatively large. Especially the categories “visual”, “motor-related” and “acoustic” showed a broad range (rangevisual = 0.00 – 0.569, rangemotor-related = 0.00 – 0.693, rangeacoustic = 0.00 – 0.248). Examples reflecting a rather high or a rather low portion of generated features in these categories are shown in the lower part of Figure 2.

Comparison Between Concrete and Abstract Concepts

In order to validate that our selected abstract concepts were indeed abstract, abstract and concrete concepts were compared with regard to concreteness/abstractness ratings. Data from concrete concepts were obtained from two ratings, in which concrete concepts served as fillers. In these rating studies, in addition to concreteness/abstractness, ratings of familiarity were also available. Welch’s t-test revealed that concreteness/abstractness ratings (for relevant descriptive statistics see Table 1) differed significantly between the two concept classes [t(83.2) = -51, p < 0.001]. Abstract concepts (M = 2.55; SD = 0.53; range = 1.33 – 4.27) were rated significantly more abstract than concrete concepts (M = 5.72; SD = 0.38; range = 3.80 – 6.00). When looking at the quantiles, it is noticeable that concreteness/abstractness ratings were much more heterogeneous within abstract concepts than in concrete concepts. Considering concrete concepts, 90% of the values were lying between 5.40 and 5.95, while 90% of the ratings regarding abstract concepts were lying within a much broader window between 1.93 and 3.27. Taking this into account, it is not surprising that the abstract concept class yielded some isolated outliers ([image: image] ± 2σ) with regard to their concreteness/abstractness ratings. Concepts like “thirst” (M = 4.27), “work” (M = 4.13) and “assassination” (M = 4.07) were rated relatively concrete, whereas concepts like “fantasy” (M = 1.33), “honor” (M = 1.40) and “miracle” (M = 1.40) were rated rather abstract.

TABLE 1. Descriptive statistics of concreteness/abstractness and familiarity ratings for abstract and concrete concepts.
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While concreteness/abstractness ratings were quite diverging, familiarity ratings showed no significant differences [t(60.2) = 0.551, p = 0.584]. Abstract concepts were rated with M = 4.46 (SD = 0.73; range = 2.47 – 5.80) on average, concrete concepts were rated with a mean rating of M = 4.39 (SD = 0.86; range = 1.73 – 5.80).

Correlation and Regression Analyses

In order to explain the observed range within the abstract concept class and to investigate possible relationships between concreteness/abstractness ratings and other variables, correlation analyses were carried out. Significant correlations within the superordinate categories were observed between concreteness/abstractness ratings and relative frequency of the “sensorimotor feature” and “internal state/emotion” categories, familiarity ratings and lemma frequency, respectively (Table 2A; all ps < 0.01).

TABLE 2A. Results of correlation analyses for abstract concepts with the superordinate categories.
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Within the seven modality-specific subcategories, significant positive correlations between concreteness/abstractness ratings and relative frequency of the “visual”, “motor-related”, “olfactory”, “gustatory” and “interoceptive” feature categories were found (Table 2B; all ps < 0.05).

TABLE 2B. Results of correlation analyses for abstract concepts with the modality-specific subcategories.
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In order to examine the direction of the relationship more precisely, a first multiple linear regression analysis was conducted – on the basis of the aforementioned correlation analysis – to predict concreteness/abstractness ratings based on relative frequency of the “sensorimotor feature” and “internal state/emotion” superordinate categories, familiarity ratings and lemma frequency (Table 3A). A significant regression equation was found [F(4,291) = 34.3, p < 0.001], with an adjusted R2 of 0.311. Relative frequency of the categories “sensorimotor feature” [β = 0.280, t(291) = 4.97, p < 0.001] and “internal state/emotion” [β = -0.228, t(291) = -4.04, p < 0.001] as well as familiarity ratings [β = 0.330, t(291) = 6.49, p < 0.001] were identified as significant predictors of concreteness/abstractness ratings. Relative frequency of the “sensorimotor feature” category and familiarity ratings had significant positive regression weights, indicating words with higher scores on these scales were expected to be rated more concrete, after controlling for the other variables in the model. Relative frequency of the “internal state/emotion” category had a significant negative weight, indicating that after accounting for the other variables, those concepts with a higher portion of “internal state/emotion” features were expected to be rated more abstract. Lemma frequency did not account for a significant portion of the variance after controlling for the other variables (p = 0.115).

TABLE 3A. Results of multiple linear regression analysis for abstract concepts with concreteness/abstractness as dependent variable and relative frequency of the “sensorimotor feature” and “internal state/emotion” categories, familiarity ratings and lemma frequency as predictors.
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Similarly, a second multiple linear regression analysis, in which the superordinate category “sensorimotor feature” was replaced as predictor by the more fine-grained subcategories “visual”, “motor-related”, “olfactory”, “gustatory” and “interoceptive”, was conducted to predict concreteness/abstractness ratings (Table 3B). Again, a significant regression equation was found [F(8,287) = 18.2, p < 0.001], with an adjusted R2 of 0.318. Relative frequency of the categories “motor-related” [β = 0.164, t(287) = 3.20, p < 0.01], “gustatory” [β = 0.141, t(287) = 2.17, p < 0.05], “interoceptive” [β = 0.158, t(287) = 2.99, p < 0.01] and “internal state/emotion” [β = -0.265, t(287) = -4.44, p < 0.001] as well as familiarity ratings [β = 0.322, t(287) = 6.26, p < 0.001] were identified as significant predictors of concreteness/abstractness ratings. Visual features as predictor for concreteness/abstractness just failed to reach significance (p = 0.051). Relative frequency of the “motor-related”, “gustatory” “interoceptive” and “visual” subcategories as well as familiarity ratings had significant positive regression weights, indicating words with higher scores on these scales were expected to be rated more concrete. Again, relative frequency of the “internal state/emotion” category had a significant negative weight, indicating that those concepts with a higher portion of “internal state/emotion” features were expected to be rated more abstract. Lemma frequency, here too, did not account for a significant portion of the variance (p = 0.093).

TABLE 3B. Results of multiple linear regression analysis for abstract concepts with concreteness/abstractness as dependent variable and relative frequency of the “visual”, “motor-related”, “olfactory”, “gustatory”, “interoceptive” and “internal state/emotion” categories, familiarity ratings and lemma frequency as predictors.
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Hierarchical Cluster Analyses

Cluster Analysis 1

Cluster Analysis 1 was based on the four clustering variables “sensorimotor feature”, “social constellation”, “internal state/emotion” and “verbal association”. The single-linkage clustering method led to the exclusion of ten outliers. Figure 3A shows the dendrogram based on the subsequent cluster analysis with Ward’s method. The structure of the dendrogram as well as the “elbow test” (Supplementary Figure S1) indicated that the optimal number of clusters is k = 3. In addition, most of the criteria of the “NbClust” function (7 of 26; across k = 2 and k = 5 clusters) spoke in favor of a three cluster solution.


[image: image]

FIGURE 3. Results of Cluster Analysis 1. (A) Dendrogram visualizing the k = 3 cluster solution. The different clusters are marked by different colors. (B) Boxplots depicting generated features per cluster (SM = sensorimotor feature; IS/E = internal state/emotion; SC = social constellation; VA = verbal association).



Figure 3B shows boxplots of generated features per cluster. Cluster 1, the largest cluster (n = 131), was characterized by a relatively high portion of sensorimotor features (M = 0.459, CI0.95 = [0.438;0.480]). Features in the “social constellation” category played only a subordinate role in this cluster (M = 0.041, CI0.95 = [0.034;0.049]), while properties of both the “internal state/emotion” (M = 0.257; CI0.95 = [0.239;0.275]) and the “verbal association” (M = 0.243; CI0.95 = [0.223;0.263]) categories were generated to an intermediate extent. Abstract concepts in this cluster are for example “observation”, “insight” and “fitness”.

Specific for Cluster 2, which contains n = 113 abstract concepts, was a large portion of generated features of the “internal state/emotion” category (M = 0.437; CI0.95 = [0.411;0.463]). Besides that, compared to the other two clusters, this cluster had more than twice as many properties generated in the “social constellation” category (M = 0.115; CI0.95 = [0.095;0.134]). While sensorimotor features (M = 0.255; CI0.95 = [0.240;0.271]) were generated at a medium level, verbal associations (M = 0.193; CI0.95 = [0.176;0.210]) played a marginal role. Typical examples in this cluster are “nightmare”, “argument” and “criticism”.

The situation is quite different with Cluster 3, the smallest cluster (n = 42) in which verbal associations were clearly in the foreground (M = 0.508; CI0.95 = [0.479;0.537]). Like in Cluster 1, features in the “social constellation” category were subordinate (M = 0.049; CI0.95 = [0.033;0.065]). Although the categories “sensorimotor feature” (M = 0.188; CI0.95 = [0.167;0.209]) and “internal state/emotion” (M = 0.255; CI0.95 = [0.220;0.290]) were generated at an intermediate level, they play the least important role here compared to the other clusters. “Present”, “theory” and “dignity” are examples in this cluster.

Cluster Analysis 2

Cluster Analysis 2 comprised the seven modality-specific subcategories “visual”, “acoustic”, “motor-related”, “tactile”, “olfactory”, “gustatory” and “interoceptive”. Ten outliers were identified by the single linkage clustering method. The remaining 286 abstract concepts were subsequently analyzed using Ward’s method (see Figure 4A for the resulting dendrogram). The structure of the dendrogram, the “elbow test” (Supplementary Figure S2) as well as most of the criteria of the “NbClust” function (15 of 26; across k = 2 and k = 5 clusters) spoke in favor of a k = 3 cluster solution.
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FIGURE 4. Results of Cluster Analysis 2. (A) Dendrogram visualizing the k = 3 cluster solution. The different clusters are marked by different colors. (B) Boxplots depicting generated features per cluster (vis = visual; acou = acoustic; mot = motor-related; tac = tactile; olf = olfactory; gus = gustatory; int = interoceptive).



Inspection of Figure 4B reveals that the three clusters hardly differ with regard to acoustic, tactile, olfactory, gustatory and interoceptive features. These categories played a rather subordinate role in the clusters. Considering that these features were generated less frequently in general (see point “Analysis 2”), this is not very surprising. Categories distinguishing the clusters were the “visual” and “motor-related” categories.

Cluster A, which was the smallest cluster with n = 49 abstract concepts, was characterized by a large proportion of motor-related features (M = 0.279; CI0.95 = [0.254;0.305]), the largest proportion across the three clusters. Visual features were less frequently generated (M = 0.146; CI0.95 = [0.128;0.163]). Typical examples in this cluster are “fitness”, “fight” and “performance”.

For Cluster B, by far the biggest cluster (n = 175), visual (M = 0.092; CI0.95 = [0.084;0.100]) and motor-related (M = 0.102; CI0.95 = [0.093;0.111]) features were approximately equally generated, albeit at an intermediate level. Abstract concepts in this cluster are for example “experience”, “challenge” and “humor”.

Feature structure of Cluster C (n = 62) almost looked like a mirror-inverted version of Cluster A. It was characterized by the highest portion of generated features in the “visual” category compared to the other clusters (M = 0.289; CI0.95 = [0.270;0.308]). Features of the “motor-related” category (M = 0.092; CI0.95 = [0.078;0.107]), on the other hand, were generated at an intermediate level. “Observation”, “vanity” and “beauty” are examples in this cluster.

DISCUSSION

The present study investigated the semantic content of 296 abstract concepts using a property generation task similar to Barsalou and Wiemer-Hastings (2005). The quintessence of our results is that abstract concepts are heterogeneous, as shown by our descriptive and cluster analyses. Our study therefore extends previous work on the semantic content of abstract concepts (Lynott and Connell, 2009, 2013; van Dantzig et al., 2011; Troche et al., 2014, 2017; Binder et al., 2016) by showing that different clusters of abstract concepts can be distinguished according to their specific semantic featural composition.

Participants generated a considerable amount of properties in all feature categories. The distribution of the observed properties fits well into the picture of previous work investigating the representation of abstract concepts. Our results suggest that social (Carpenter et al., 1998; Bergelson and Swingley, 2013; Borghi et al., 2017) and emotional/introspective features (Wiemer-Hastings et al., 2001; Kousta et al., 2011; Vigliocco et al., 2014) as well as verbal associations (Simmons et al., 2008; Wang et al., 2010; Recchia and Jones, 2012) play a crucial role in the processing of abstract concepts as demonstrated in previous behavioral, developmental, brain imaging and patient studies (Kiefer and Pulvermüller, 2012; Meteyard et al., 2012; Borghi et al., 2017). Similarly, recent rating studies targeting the semantic content of concrete and abstract concepts also indicated the specific relevance of social, emotional and introspective features for constituting the semantic content of abstract concepts (Troche et al., 2014, 2017; Binder et al., 2016). In terms of quantity, sensorimotor features played the most important role in our study. This is quite remarkable, given that sensorimotor features are thought to be only associated with concrete concepts, but not with abstract concepts (Wang et al., 2010). More recent studies, however, indicate the significance of the sensory and motor system even in the representation of abstract concepts (Lynott and Connell, 2009, 2013; Moseley et al., 2012; Troche et al., 2014, 2017; Dreyer et al., 2015; Binder et al., 2016; Mason and Just, 2016; Vukovic et al., 2017). The importance of sensorimotor features becomes evident when thinking, for example, about the abstract concept “beauty”, where, at least in the western society, visual properties seem to play a pivotal role in conceptual representation.

The cluster analyses furthermore demonstrated that the class of abstract concepts is characterized by a multidimensional feature space with differential dominant properties (Troche et al., 2014, 2017) as outlined in recent theories on conceptual cognition (Binder et al., 2016). Similar to concrete concepts, abstract concepts can be divided into different subcategories according to the dominance of certain conceptual features, although the number of subcategories appears to be more limited, probably because some features are less dominant in abstract concepts (e.g., olfactory or gustatory features). The subcategories found with help of Cluster Analysis 1 correspond to refined grounded cognition theories, which emphasize the role of social, emotional and introspective features as well as verbal associations: Cluster 2, which was characterized by high proportions of generated features in the “internal state/emotion” and “social constellation” categories, is compatible with assumptions made by Barsalou and Wiemer-Hastings (2005); Vigliocco et al. (2014), and Borghi and Binkofski (2014), all theories underlining the importance of emotional, introspective and/or social features in the representation of abstract concepts. Cluster 3, in which features of the “verbal association” category were dominant, can also be reconciled with theories such as WAT (Borghi and Binkofski, 2014) and LASS (Barsalou et al., 2008), which highlight the role of linguistic experiential information. Beyond that, Cluster 1 showed that sensory and motor-related features also play a crucial role in the representation of abstract concepts. Cluster Analysis 2 showed that, within the sensorimotor feature category, visual and motor-related features are closely related (Jeannerod, 1999), as it already has been reported in the case of concrete concepts (Tyler and Moss, 2001). Since we have not conducted a similar hierarchical cluster analysis with concrete concepts, the comparison of abstract and concrete concepts and possible resulting clusters must remain speculative. Based on previous results (Barsalou and Wiemer-Hastings, 2005; Wang et al., 2010; Troche et al., 2014, 2017; Trumpp and Kiefer, 2018), it is likely that the cluster characteristics of abstract and concrete concepts would have differed. Clusters within the concrete concept class might be characterized by an even higher portion of sensorimotor features, whereas social, emotional and introspective features as well as verbal associations might play a less important role (Trumpp and Kiefer, 2018). A final answer to this question might be given by future studies directly comparing cluster analyses of abstract and concrete concepts.

Results from the ratings validated the abstractness of the selected abstract words. The selected abstract concepts were indeed rated more abstractly than the concrete concepts, while they were, at the same time, not generally more unfamiliar. Similar to Wiemer-Hastings et al. (2001), we found a bimodal distribution of concreteness ratings forming two almost distinct patterns localized over the concrete and abstract center of the scale, respectively. However, we also observed a wide variance within these patterns, weakening the strict dichotomous view of classical approaches (e.g., Paivio, 1986). Especially the concreteness/abstractness ratings of abstract concepts showed a relatively large variance. This large variance within abstract concepts can partly be explained by their semantic content and their familiarity (see also Troche et al., 2014, 2017; Binder et al., 2016). Within abstract concepts, familiarity ratings were lower the less concrete these concepts were. This might be due to the fact that the most abstract concepts, like “boycott”, play only a subordinate role in everyday life. As a consequence, less frequent use of these concepts could reduce the possibility for situational sensory and motor experiences resulting in ratings of higher abstractness. In accordance with earlier findings of Wiemer-Hastings et al. (2001), but based on a much larger sample of abstract concepts, we found that emotional/introspective features were related to higher abstractness ratings, while higher concreteness ratings were more likely to go hand in hand with a high portion of sensorimotor features and high familiarity ratings (see also Troche et al., 2014, 2017). This differential relation of sensorimotor and emotional/introspective features to concreteness/abstractness becomes particularly evident when considering the two abstract concepts “expectation” (emotional/introspective) and “fitness” (sensorimotor). While thinking about the word meaning of “expectation” is accompanied by a myriad of possible contexts and situational components, the less abstract entity “fitness” is much more stronger linked to specific context information rendering it relatively more concrete (see also Schwanenflugel and Shoben, 1983; Schwanenflugel et al., 1992; Schwanenflugel and Akin, 1994). When considering the different sensorimotor features separately, motor-related, gustatory and interoceptive features were significantly related to concreteness. The association between visual features and concreteness just failed to reach the conventional significance level (p = 0.051). Note, however, that several concerns have been raised regarding traditional approaches of gathering concreteness/abstractness ratings. Connell and Lynott (2012), for example, point out that concreteness/abstractness ratings can be biased by unfavorable instructions, resulting in different decision criteria at the two poles “concrete” and “abstract” of the scale (e.g., excessive focus on vision while neglecting other modalities).

Although the present property listing study does not formally allow to test competing theories of the representation format of abstract concepts, our findings are difficult to reconcile with theories claiming that abstract concepts purely rely on a verbal-symbolic code, like Paivio’s (1986) Dual Code Theory does. If the assumptions of the Dual Code Theory were true, we would have expected a much higher proportion of verbal associations in our study. Although Cluster 3 from Cluster Analysis 1 is compatible with Paivio’s assumption, the remaining two clusters – which are characterized by dominant modal features – clearly oppose it. Additionally, the large variance of generated properties also speaks against Paivio’s (1986) theory, although the frequency of verbal associations might be somewhat underestimated in our property generation task, whose instruction emphasized semantic properties of the concepts as well as associations. The broad diversity in participants’ listings is rather consistent with refined grounded cognition theories by showing that the semantic content of abstract concepts – just like that of concrete concepts – includes introspective, affective, social, sensory and motor-related features. Our results are thus consistent with theories such as LASS (Barsalou et al., 2008), AEA (Kousta et al., 2009), WAT (Borghi and Cimatti, 2009), and Louwerse’s (2011) Symbol Interdependency Hypothesis, which emphasize the importance of linguistic, social, introspective and affective experiential information for the representation of abstract concepts. Our results, of course, do not necessarily imply that the modal feature types found here are also represented in the corresponding modal brain areas as claimed by grounded cognition theories. However, our results constitute an important prerequisite for further tests of the validity of the grounded cognition framework.

Based on the present results we propose for future studies to abandon the traditional approach (Paivio, 1986) of considering abstract concepts as undifferentiated conceptual category and to contrast them with concrete concepts. Instead, we show that abstract concepts have a rich and heterogeneous semantic content with emphasis on different feature categories. We therefore suggest that a comparison of well-specified subcategories of abstract concepts – as revealed by the present cluster analyses – is more appropriate to investigate the processing of abstract concepts at a behavioral or neural level (Wilson-Mendenhall et al., 2012, 2013; Barca et al., 2017). For instance, a comparison of visual- and motor-related abstract concepts might clarify to what extent the motor and visual system is involved in the representation of those abstract concepts. Further imaging studies could shed light on the neural correlates of conceptual processing using the present results for their stimulus selection (see Supplementary Dataset S1), while studies with brain lesioned patients and with TMS would allow conclusions, which dominant features are functionally relevant for specific subcategories of abstract concepts.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the Ethical Committee of Ulm University with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Ethical Committee of Ulm University.

AUTHOR CONTRIBUTIONS

MH, NT, and MK planned the study design. NT and MK supervised the study. MH performed the data acquisition, analyzed the data, and wrote the first draft of the paper. MH, MK, and NT revised the manuscript. All the authors approved the final version of the manuscript.

FUNDING

This research was supported by grants of the German Research Foundation (DFG) to MK (Ki 804/7-1). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

We thank Jolene Mayer for her help in data acquisition. We furthermore thank Jolene Mayer and Margot Popp for their help in data coding.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2018.01748/full#supplementary-material

FOOTNOTES

1 http://www.unipark.com/

REFERENCES

Anderson, J. R. (1978). Arguments concerning representations for mental-imagery. Psychol. Rev. 85, 249–277. doi: 10.1037//0033-295x.85.4.249

Barca, L., Mazzuca, C., and Borghi, A. M. (2017). Pacifier overuse and conceptual relations of abstract and emotional concepts. Front. Psychol. 8:2014. doi: 10.3389/fpsyg.2017.02014

Barros-Loscertales, A., Gonzalez, J., Pulvermüller, 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. (2008). Grounded cognition. Ann. Rev. Psychol. 59, 617–645. doi: 10.1146/annurev.psych.59.103006.093639

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., 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/CBO9780511499968.007

Beilock, S. L., Lyons, I. M., Mattarella-Micke, A., Nusbaum, H. C., and Small, S. L. (2008). Sports experience changes the neural processing of action language. Proc. Natl. Acad. Sci. U.S.A. 105, 13269–13273. doi: 10.1073/pnas.0803424105

Bergelson, E., and Swingley, D. (2013). The acquisition of abstract words by young infants. Cognition 127, 391–397. doi: 10.1016/j.cognition.2013.02.011

Binder, J. R., Conant, L. L., Humphries, C. J., Fernandino, L., Simons, S. B., Aguilar, M., et al. (2016). Toward a brain-based componential semantic representation. Cognit. Neuropsychol. 33, 130–174. doi: 10.1080/02643294.2016.1147426

Borghi, A. M., and Binkofski, F. (2014). Words as Social Tools: An Embodied View on Abstract Concepts. New York, NY: Springer. doi: 10.1007/978-1-4614-9539-0

Borghi, A. M., Binkofski, F., Castelfranchi, C., Cimatti, F., Scorolli, C., and Tummolini, L. (2017). The challenge of abstract concepts. Psychol. Bul. 143, 263–292. doi: 10.1037/bul0000089

Borghi, A. M., and Cimatti, F. (2009). “Words as tools and the problem of abstract words meanings,” in Proceedings of the Annual Conference Cogentive Science Society, eds N. Taatgen and H. Van Rijn (Amsterdam: Cognitive Science Society), 2304–2309.

Carpenter, M., Nagell, K., Tomasello, M., Butterworth, G., and Moore, C. (1998). Social cognition, joint attention, and communicative competence from 9 to 15 months of age. Monogr. Soc. Res. Child Dev. 63, i–iv, 1–174. doi: 10.2307/1166214

Charrad, M., Ghazzali, N., Boiteau, V., and Niknafs, A. (2014). Nbclust: an r package for determining the relevant number of clusters in a data set. J. Stat. Softw. 61, 1–36. doi: 10.18637/jss.v061.i06

Collins, A. M., and Loftus, E. F. (1975). A spreading-activation theory of semantic processing. Psychol. Rev. 82, 407–428. doi: 10.1037/0033-295X.82.6.407

Connell, L. (2018). What have labels ever done for us? The linguistic shortcut in conceptual processing. Lang. Cogn. Neurosci. doi: 10.1080/23273798.2018.1471512

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

Connell, L., and Lynott, D. (2014). Principles of representation: why you can’t represent the same concept twice. Top. Cogn. Sci. 6, 390–406. doi: 10.1111/tops.12097

Crystal, D. (2004). The Cambridge Encyclopedia of the English Language. Stuttgart: Ernst Klett Sprachen.

Desai, R. H., Binder, J. R., Conant, L. L., Mano, Q. R., and Seidenberg, M. S. (2011). The neural career of sensory-motor metaphors. J. Cognit. Neurosci. 23, 2376–2386. doi: 10.1162/jocn.2010.21596

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

Fodor, J. A. (2001). The Mind Doesn’t Work That Way. Cambridge, MA: MIT Press.

Fox, J., and Weisberg, J. (2011). An {R} Companion to Applied Regression, 2nd Edn. Thousand Oaks, CA: Sage.

Gallese, V., and Lakoff, G. (2005). The brain’s concepts: the role of the sensory-motor system in conceptual knowledge. Cognit. Neuropsychol. 22, 455–479. doi: 10.1080/02643290442000310

Garagnani, M., and Pulvermuller, F. (2016). Conceptual grounding of language in action and perception: a neurocomputational model of the emergence of category specificity and semantic hubs. Eur. J. Neurosci. 43, 721–737. doi: 10.1111/ejn.13145

Garcia, A. M., and Ibanez, A. (2016). Hands typing what hands do: action-semantic integration dynamics throughout written verb production. Cognition 149, 56–66. doi: 10.1016/j.cognition.2016.01.011

Glenberg, A. M., and Kaschak, M. P. (2002). Grounding language in action. Psychon. Bull. Rev. 9, 558–565. doi: 10.3758/Bf03196313

Glenberg, A. M., Sato, M., Cattaneo, L., Riggio, L., Palumbo, D., and Buccino, G. (2008). Processing abstract language modulates motor system activity. Q. J. Exp. Psychol. 61, 905–919. doi: 10.1080/17470210701625550

Gold, B. T., Balota, D. A., Jones, S. J., Powell, D. K., Smith, C. D., and Andersen, A. H. (2006). Dissociation of automatic and strategic lexical-semantics: functional magnetic resonance imaging evidence for differing roles of multiple frontotemporal regions. J. Neurosci. 26, 6523–6532. doi: 10.1523/Jneurosci.0808-06.2006

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

Hebb, D. O. (1949). The Organization of Behavior. New York, NY: Wiley & Sons.

Heister, J., Würzner, K.-M., Bubenzer, J., Pohl, E., Hanneforth, T., Geyken, A., et al. (2011). dlexDB – Eine lexikalische datenbank für die psychologische und linguistische forschung. Psychol. Rundsch. 62, 10–20. doi: 10.1026/0033-3042/a000029

Hoenig, K., Muller, C., Herrnberger, B., Sim, E. J., Spitzer, M., Ehret, G., et al. (2011). Neuroplasticity of semantic representations for musical instruments in professional musicians. NeuroImage 56, 1714–1725. doi: 10.1016/j.neuroimage.2011.02.065

Hoenig, K., Sim, E. J., Bochev, V., Herrnberger, B., and Kiefer, M. (2008). Conceptual flexibility in the human brain: dynamic recruitment of semantic maps from visual, motor, and motion-related areas. J. Cognit. Neurosci. 20, 1799–1814. doi: 10.1162/jocn.2008.20123

Hoffman, P., Pobric, G., Drakesmith, M., and Lambon Ralph, M. A. (2012). Posterior middle temporal gyrus is involved in verbal and non-verbal semantic cognition: evidence from rTMS. Aphasiology 26, 1119–1130. doi: 10.1080/02687038.2011.608838

Humphreys, G. W., Riddoch, M. J., and Quinlan, P. T. (1988). Cascade processes in picture identification. Cognit. Neuropsychol. 5, 67–103. doi: 10.1080/02643298808252927

Jeannerod, M. (1999). Visuomotor channels: their integration in goal-directed prehension. Hum. Movem. Sci. 18, 201–218. doi: 10.1016/S0167-9457(99)00008-1

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 Pulvermüller, 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., and Hoenig, K. (2008). The sound of concepts: four markers for a link between auditory and conceptual brain systems. J. Neurosci. 28, 12224–12230. doi: 10.1523/Jneurosci.3579-08.2008

Kiefer, M., Sim, E. J., Liebich, S., Hauk, O., and Tanaka, J. (2007). Experience-dependent plasticity of conceptual representations in human sensory-motor areas. J. Cognit. Neurosci. 19, 525–542. doi: 10.1162/jocn.2007.19.3.525

Kousta, S. T., Vigliocco, G., Vinson, D. P., Andrews, M., and Del Campo, E. (2011). The representation of abstract words: why emotion matters. J. Exp. Psychol. Gen. 140, 14–34. doi: 10.1037/a0021446

Kousta, S. T., Vigliocco, G., Vinson, D., and Andrews, M. (2009). “Happiness is an abstract word. The role of affect in abstract knowledge representation,” in Proceedins Annual Conference Cognitive Science Society, eds N. Taatgen and H. Van Rijn (Amsterdam: Cognitive Science Society).

Lakoff, G., and Johnson, M. (1980). Metaphors We Live. Chicago, IL: University of Chicago Press.

Lawrence, M. A. (2016). Easy Analysis and Visualization of Factorial Experiments. Available at: http://github.com/mike-lawrence/ez

Louwerse, M. M. (2011). Symbol interdependency in symbolic and embodied cognition. Top. Cognit. Sci. 3, 273–302. doi: 10.1111/j.1756-8765.2010.01106.x

Lynott, D., and Connell, L. (2009). Modality exclusivity norms for 423 object properties. Behav. Res. Methods 41, 558–564. doi: 10.3758/Brm.41.2.558

Lynott, D., and Connell, L. (2013). Modality exclusivity norms for 400 nouns: the relationship between perceptual experience and surface word form. Behav. Res. Methods 45, 516–526. doi: 10.3758/s13428-012-0267-0

Lyons, I. M., Mattarella-Micke, A., Cieslak, M., Nusbaum, H. C., Small, S. L., and Beilock, S. L. (2010). The role of personal experience in the neural processing of action-related language. Brain Lang. 112, 214–222. doi: 10.1016/j.bandl.2009.05.006

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., and Hornik, K. (2017). Cluster Analysis Basics and Extensions. Available at: http://github.com/mike-lawrence/ez

Mahon, B. Z., and Caramazza, A. (2009). Concepts and categories: a cognitive neuropsychological perspective. Ann. Rev. Psychol. 60, 27–51. doi: 10.1146/annurev.psych.60.110707.163532

Mason, R. A., and Just, M. A. (2016). Neural representations of physics concepts. Psychol. Sci. 27, 904–913. doi: 10.1177/0956797616641941

McClelland, J. L., and Rogers, T. T. (2003). The parallel distributed processing approach to semantic cognition. Nat. Rev. Neurosci. 4, 310–322. doi: 10.1038/nrn1076

Meteyard, L., Cuadrado, S. R., Bahrami, B., and 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

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

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

Paivio, A. (1986). Mental Representations: A Dual Coding Approach. Oxford: Oxford University Press.

Patterson, K., Nestor, P. J., and Rogers, T. T. (2007). Where do you know what you know? The representation of semantic knowledge in the human brain. Nat. Rev. Neurosci. 8, 976–987. doi: 10.1038/nrn2277

Pexman, P. M., Hargreaves, I. S., Edwards, J. D., Henry, L. C., and Goodyear, B. G. (2007). Neural correlates of concreteness in semantic categorization. J. Cognit. Neurosci. 19, 1407–1419. doi: 10.1162/jocn.2007.19.8.1407

Pulvermüller, F. (2005). Brain mechanisms linking language and action. Nat. Rev. Neurosci. 6, 576–582. doi: 10.1038/nrn1706

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

Pulvermüller, F., Hauk, O., Nikulin, V. V., and Ilmoniemi, R. J. (2005). Functional links between motor and language systems. Eur. J. Neurosci. 21, 793–797. doi: 10.1111/j.1460-9568.2005.03900.x

Pylyshyn, Z. W. (1980). Computation and cognition – Issues in the foundations of cognitive science. Behav. Brain Sci. 3, 111–132. doi: 10.1017/S0140525x00002053

 R-Core-Team (2017). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Recchia, G., and Jones, M. N. (2012). The semantic richness of abstract concepts. Front. Hum. Neurosci. 6:315. doi: 10.3389/Fnhum.2012.00315

Rogers, T. T., Lambon Ralph, M. A., Garrard, P., Bozeat, S., Mcclelland, J. L., Hodges, J. R., et al. (2004). Structure and deterioration of semantic memory: a neuropsychological and computational investigation. Psychol. Rev. 111, 205–235. doi: 10.1037/0033-295X.111.1.205

RStudio-Team (2015). RStudio: Integrated Development. Boston, MA: Rstudio, Inc.

Sakreida, K., Scorolli, C., Menz, M. M., Heim, S., Borghi, A. M., and Binkofski, F. (2013). Are abstract action words embodied? An fMRI investigation at the interface between language and motor cognition. Front. Hum. Neurosci. 7:125. doi: 10.3389/Fnhum.2013.00125

Scholze-Stubenrecht, W. (2009). Duden: Die deutsche Rechtschreibung. Mannheim: Bibliographisches Institut.

Schwanenflugel, P. J., Akin, C., and Luh, W. M. (1992). Context availability and the recall of abstract and concrete words. Mem. Cognit. 20, 96–104. doi: 10.3758/Bf03208259

Schwanenflugel, P. J., and Akin, C. E. (1994). Developmental trends in lexical decisions for abstract and concrete words. Read. Res. Q. 29, 251–264. doi: 10.2307/747876

Schwanenflugel, P. J., and Shoben, E. J. (1983). Differential context effects in the comprehension of abstract and concrete verbal materials. J. Exp. Psychol. Learn. Mem. Cognit. 9, 82–102. doi: 10.1037/0278-7393.9.1.82

Simmons, W. K., Hamann, S. B., Harenski, C. L., Hu, X. P., and Barsalou, L. W. (2008). fMRI evidence for word association and situated simulation in conceptual processing. J. Physiol. Paris 102, 106–119. doi: 10.1016/j.jphysparis.2008.03.014

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

Steinbach, M., Ertöz, L., and Kumar, V. (2004). “The challenges of clustering high dimensional data,” in New Directions in Statistical Physics. Econophysics, Bioinformatics, and Pattern Recognition, ed. L. T. Wille (Berlin: Springer).

Troche, J., Crutch, S., and Reilly, J. (2014). Clustering, hierarchical organization, and the topography of abstract and concrete nouns. Front. Psychol. 5:360. doi: 10.3389/Fpsyg.2014.00360

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

Trumpp, N. M., and Kiefer, M. (2018). Functional reorganization of the conceptual brain system after deafness in early childhood. PLoS One 13:e0198894. doi: 10.1371/journal.pone.0198894

Trumpp, N. M., Kliese, D., Hoenig, K., Haarmeier, T., and Kiefer, M. (2013). Losing the sound of concepts: damage to auditory association cortex impairs the processing of sound-related concepts. Cortex 49, 474–486. doi: 10.1016/j.cortex.2012.02.002

Trumpp, N. M., Traub, F., Pulvermüller, F., and Kiefer, M. (2014). Unconscious automatic brain activation of acoustic and action-related conceptual features during masked repetition priming. J. Cognit. Neurosci. 26, 352–364. doi: 10.1162/jocn_a_00473

Tulving, E. (1972). “Episodic and semantic memory,” in Organization of Memory, eds E. Tulving and W. Donaldson (New York, NY: Academic Press), 381–403.

Tyler, L. K., and Moss, H. E. (2001). Towards a distributed account of conceptual knowledge. Trends Cognit. Sci. 5, 244–252. doi: 10.1016/S1364-6613(00)01651-X

Urban, D., and Mayerl, J. (2006). Regressionsanalyse: Theorie, Technik und Anwendung. Wiesbaden: VS Verlag für Sozialwissenschaften.

van Dantzig, S., Cowell, R. A., Zeelenberg, R., and Pecher, D. (2011). A 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

Vigliocco, G., Kousta, S. T., Della Rosa, P. A., Vinson, D. P., Tettamanti, M., Devlin, J. T., et al. (2014). The neural representation of abstract words: the role of emotion. Cereb. Cortex 24, 1767–1777. doi: 10.1093/cercor/bht025

Visser, M., Jefferies, E., and Lambon Ralph, M. A. (2010). Semantic processing in the anterior temporal lobes: a meta-analysis of the functional neuroimaging literature. J. Cognit. Neurosci. 22, 1083–1094. doi: 10.1162/jocn.2009.21309

Vukovic, N., Feurra, M., Shpektor, A., Myachykov, A., and Shtyrov, Y. (2017). Primary motor cortex functionally contributes to language comprehension: an online rTMS study. Neuropsychologia 96, 222–229. doi: 10.1016/j.neuropsychologia.2017.01.025

Wang, J., Conder, J. A., Blitzer, D. N., and Shinkareva, S. V. (2010). Neural representation of abstract and concrete concepts: a meta-analysis of neuroimaging studies. Hum. Brain Mapp. 31, 1459–1468. doi: 10.1002/hbm.20950

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

Wiemer-Hastings, K., Krug, J., and Xu, X. (2001). “Imagery, context availability, contextual constraint and abstractness,” in Past Conference Proceedings – Cognitive Science Society, eds J. D. Moore and K. Stenning. (Edingburgh: Lawrence Erlbaum Associates).

Wiemer-Hastings, K., and Xu, X. (2005). Content differences for abstract and concrete concepts. Cognit. Sci. 29, 719–736. doi: 10.1207/s15516709cog0000_33

Willems, R. M., Hagoort, P., and Casasanto, D. (2010). Body-specific representations of action verbs: neural evidence from right- and left-handers. Psychol. Sci. 21, 67–74. doi: 10.1177/0956797609354072

Wilson-Mendenhall, C. D., Barrett, L. F., Simmons, W. K., and Barsalou, L. W. (2012). Grounding emotion in situated conceptualization. Neuropsychologia 49, 1105–1127. doi: 10.1016/j.neuropsychologia.2010.12.032

Wilson-Mendenhall, C. D., Simmons, W. K., Martin, A., and Barsalou, L. W. (2013). Contextual processing of abstract concepts reveals neural representations of nonlinguistic semantic content. J. Cognit. Neurosci. 25, 920–935. doi: 10.1162/jocn_a_00361

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Harpaintner, Trumpp and Kiefer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyg-09-01748-g001.jpg
1.00 -

Q.13

0.50-

averaged relative frequencies

L), 25 -

0.00-

SD

Xo.1 -

EXyigh

EXLow

SM
337
156

158 - .540

,disgust”

,2assumption”

IS/ E
325
152

131 - .524

.emotion®

Jtradition®

SC

078
.096

.000 - .222

,advice”

Jfitness”

VA
.260
148

.086 - .476

Jrevolution®

,shyness”






OPS/images/fpsyg-09-01748-i001.jpg
o |





OPS/images/fpsyg-09-01748-g003.jpg
Cluster 2

NSRBI —

Cluster 3

Cluster 1

——————————————————— ]

nEbaniE e d

Cluster 3

Cluster 2

Cluster 1

1.00-

s ses 7 [ =
7))

1
o
K3

0.00-

1 1
0O 0
Iy N
o o o

salouanbal) aAlle|al pabelane

category





OPS/images/fpsyg-09-01748-g002.jpg
0.6-

o
~
1

averaged relative frequencies
o
ho

0.0-

SD

Xo.1 -

EXyigh

EXLow

vislual
.148
103

034 - .283

,disgust”

,gratitude”

acobsﬂc
.029
.038

.000-.077

N1

Swit

,2assumption®

\ i |

motor—lrelated tacltile olfacl;tory
131 .007 .003
.099 016 .015

025-.253 .000-.025 .000 - .000

,activity* protection” ,disgust”

.expectation“ ,appearance” ,assumption”

:
:
! —
gustlatory inte roéeptive
.006 013
.022 .030

.000-.017 .000 - .046

,2appetite” Jpain’

,expectation” ,appearance”





OPS/images/fpsyg-09-01748-g004.jpg
Cluster B

Cluster A

Cluster C

Lol TR L

Cluster C

Cluster B

Cluster A

0.6-

[ 1
3 i
o o

salouanbalj aAle|al pebelane

olff gus int

tac

vis acou mot

olf gus int

olf gus int vis acou mot tac

tac

vis acou mot

category





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Psychology

The Semantic Content of Abstract
Concepts: A Property Listing
Study of 296 Abstract Words





OPS/images/fpsyg-09-01748-t001.jpg
Concreteness Abstract concepts
Concrete concepts
Familiarity Abstract concepts

Concrete concepts

M = mean; SD = standard deviation; Min = minimum; Max = maximum; Xo.1/0 = first and ninth decie; xo.5 = median.

M

2.552
5.722
4.463
4.392

SD

0.532
0.378
0.732
0.855

Min
1.333
3.800

2.467
1.733

Max

4.267
6.000
5.800
5.800

Xo.1

1.933
5.400
3.400
3.480

Xos

2.533
5.800
4.533
4.400

Xoo

3.267
5.947
5.467
5.293









OPS/images/fpsyg-09-01748-t003a.jpg
R2,4;. = 0.311 [F(4,291) = 34.3, p < 0.001]

Coefficient estimate (8) SE t
Sensorimotor feature 0.280*** 0.056 4.97
Internal state/Emotion —0.228%** 0.057 —4.04
Familiarity 0.330*%** 0.051 6.49
Lemma frequency 0.081 0.051 1.58

All variables in the model have been tested for collinearity by using variance inflation
factors (VIFs). All VIFs were < 5.0 indicating that the independent variables are
not collinear (Urban and Mayerl, 2006); R?aqj. = adjusted R?; B = standardized
coefficient; SE = standard error, t = t-value. *p < 0.05; **p < 0.01; ***p < 0.001.





OPS/images/logo.jpg
’ frontiers
in Psychology





OPS/images/fpsyg-09-01748-t002a.jpg
sm IS/E sc VA Familiarity Word length Lemma frequency
Concreteness 0.397*** —0.354"* 0.058 —.092 0.346"** —0.026 0.175%

SM = sensorimotor feature; IS/E = internal state/emotion; SC = social constellation; VA = verbal association. *p < 0.05; **p < 0.01; ***p < 0.001






OPS/images/fpsyg-09-01748-t003b.jpg
R2,4. = 0.318 [F(8,287) = 18.2, p < 0.001]

Visual

Motor-related
Olfactory

Gustatory
nteroceptive

nternal state/Emotion
Familiarity

Lemma frequency

Coefficient estimate (B)

0.114
0.164**
-0.072
0.141*
0.158**
—0.265%**
0.3227%**
0.087

SE

0.058
0.0561
0.061
0.065
0.053
0.060
0.051
0.0562

T

1.96
3.20
—-1.17
217
2.99
—4.44
6.26
1.68

All variables in the model have been tested for collinearity by using variance inflation
factors (VIFs). All VIFs were < 5.0 indicating that the independent variables are
not collinear (Urban and Mayerl, 2006); R?.q. = adjusted R?; B = standardized
coefficient; SE = standard error, t = t-value. *p < 0.05; **p < 0.01; ***p < 0.001.





OPS/images/fpsyg-09-01748-t002b.jpg
Vis Acou Mot Tac oIf Gus Int

Concreteness 0.218*** 0.103 0.208*** 0.082 0.126* 0.240*** 0.203***

vis = visual; acou = acoustic; mot = motor-related; tac = tactile; olf = olfactory; gus = gustatory; int = interoceptive. *p < 0.05; **p < 0.01; ***p < 0.001.





