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Grounded Cognition

Cognitive scientists classically view cognition as a modular system, sepa-
rate from other modular systems for perception, action, and internal states.
From this perspective, cognitive scientists can safely study cognition as an
independent module, focusing on classic cognitive mechanisms associated
with attention, working memory, long-term memory, knowledge, language,
and thought. Motivated by theoretical arguments across disciplines (e.g.,
Barsalou, 1999, 2010; Kiefer & Pulvermiiller, 2012; Lakoff & Johnson, 1980;
Searle, 1980) and by rapidly accumulating empirical results (e.g., Barsalou,
2008a), cognitive scientists increasingly believe, however, that cognition
is not modular but instead grounded in four ways. :

First, cognition is grounded in modality-specific systems, including
those for vision, audition, and taste (e.g., Martin, 2007; Gainotti, 2006;
Kiefer, Sim, Herrnberger, Grothe & Hoenig, 2008). For example, when
people represent the taste of a pictured food, they represent it as a simula-
tion in the gustatory system (Simmons, Martin & Barsalou, 2005), and
when they represent the color of an object, they represent it as a simula-
tion in color regions of the visual system (Simmons et al., 2007). As the
rapid accumulation of such experiments demonstrates, cognition relies on
representational systems in the modalities.

Second, cognition is grounded in the body and action (e g., Pulvermiil-
ler, 2005). When people represent actions associated with an object, they
represent them with simulations in the motor system (Chao & Martin,
2000; Kiefer, Sim, Liebich, Hauk & Tanaka, 2007; Tucker & Ellis, 2004). In
social psychology, researchers have further demonstrated that bodily states,
such as facial expressions and postures, causally affect cognition, and that
cognition in turn affects bodily states (e.g., Barsalou, Niedenthal, Batbey &

Ruppert, 2003). Again, the rapid accumulation of such findings demonstrates




382 Markus Kiefer and Lawrence W, Barsalo,

that cognition relies on the body and motor system for Iepresentationy]
purposes. -

Third, cognition is grounded in the physical environment. Since Gibson
(1979), researchers have argued that the environment and perceptual
mechanisms are both essential for achieving perception, and omitting the
environment leads to vacuous theories incapable of explaining perception,
More recently, researchers in situated cognition have argued that the cogni-
tive system is organized to support goal-directed action in the envirop.
ment, such that taking the current physical situation into account i
central for understanding the corresponding organization of the cognitive
system (e.g., Robbins & Aydede, 2008).

Fourth, cognition is grounded in the social environment. From an evo.
lutionary perspective, humans evolved under strong social pressures, such
that the cognitive mechanisms unique to humans are intrinsically social
(e.g., Seed & Tomasello, 2010). Central social mechanisms in humans
inciude language (e.g., Donald, 1993), mirroring (e.g., Decety & Grézes, 2006;
Rizzolatti & Craighero, 2004), and perspective taking (Kessler & Thomson,
2010; Tomasello, Kruger & Ratner, 1993). From a grounded perspective,
understanding the nature of these critical mechanisms requires grounding
thermn in the social systems in which they function.

Because cognition depends critically on the sensory modalities, the
action system, the physical environment, and the social environment,
grounded approaches argue that cognition emerges from all these domains
(e.g., McClelland, 2010). As a result, cognitive scientists increasingly view
cognition as a set of complex emergent phenomena rather than a set of
isolated mechanisms in a cognitive module.

Often the term “embodied cognition” is used when referring to this
-emerging area of research. A]though the body does ground cognition, so
do the modalities, the physical environment, and the social enviroriment.
Thus “embodied cognition” is overly narrow and conveys the inaccurate
assumptions that the body dominates cognition and that cognition always
depends on the body. More suitably, “grounded cognition” recognizes all
forms of cognitive grounding.

In this chapter, we focus on the conceptual system, which contains
categorically organized knowledge about the world. In the next three sec-
tions, we address theoretical issues associated with grounding concepts. In
the final sections, we address six specific hypotheses that follow from this
perspective, and review supporting evidence for them, along with methods
used. to assess grounding.
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The Human Conceptual System

" As stated in the general definition of the conceptuél system in the previous
section, knowledge about the world is categorically organized. To appreci-
ate the importance of categorical organization, consider the memory of a
digital camera. Because the camera memory does not contain conceptual
knowledge about categories, it can only represent holistic bitmapped
images of single events and cannot identify components of them as instances
of particular categories. In contrast, humans (and other animals) have a
powerful attentional mechanism that can focus on various components
of experience, including objects, settings, events, mental states, properties,
and relations, and then establish bodies of categorically organized knowl-
edge about these components in memory, typically referred to as “con-
cepts.” By focusing on the same component of experience repeatedly and
integrating memories of it (e.g., dogs), a conceptual representation of the
category develops. Over development, tens of thousands of such concepts
develop to represent common categories of experience.

Once this system of categorical knowledge is in place, it supports all
cognitive activity (e.g., Barsalou 1999, 2003b). During “online” interac-
tions with the environment, the conceptual system plays central roles
in high-level perception, such as completing the perception of occluded
objects and producing anticipation inferences about how objects will
behave. It also enables categorizing what is present and drawing rich infer-
ences that go beyond what is being experienced to provide expertise while
interacting with category instances (e.g., how to use a tool). In humans,
the conceptual 'system is also central to “offline” cognition, when people
represent situations that are not present in memory, language, and thought.

Semantic memory theories. Given the centrality of the conceptual system
in cognition, many theories of it have been proposed. Since the cognitive
revolution, the dominant theory is typically referred to as semantic memory
(e.g., Collins & Loftus, 1975; Tulving, 1972). For our purposes, two central
assumptions of this approach are relevant. First, it assumes that the con-
ceptual system is modular in the sense of being separate from the episodic
memory system that stores memories indexed in space and time, and also
from modal systems that process perception, action, and internal states.
Second, as a result of being modular, the representations that underlie
categories are amodal, differing from the representations in modal systems
by being abstract language-like symbols linked arbitrarily to what they
represent.
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More specifically, semantic memory theories assume that as someéne
experiences a category member (e.g., a specific dog), relevant modalities
become active to perceive and interact with it. For example, representation;
in the visual, auditory, and olfactory systems become active to represent hoyy
the dog looks, sounds, and smells. Similarly, as the perceiver interacts with
the dog, the motot, proprioceptive, and somatosensory systems execute
actions, sense actions, and represent how the dog feels. Most importantly,
however, semantic memory theories assume that symbolic descriptions are
transduced from these modality-specific representations to encode their
important properties. For example, symbolic descriptions of visual proper-
ties (e.g., legs), auditory properties (e.g., barks), motor actions (e.g., pat),
and somatosensory experiences (e.g., soft) are transduced and integrated
into conceptual knowledge about dogs. Again, these symbolic descriptions
are typically assumed to be ar_nodal, differing from the original modality-
specific representations that produced them by being more abstract, arbi-
trary, and language-like (Fodor, 1975).

Over time, symbolic descriptions accumulate in an integrated concep-
tual structure that represents the category, taking a wide variety of forms
across theories (e.g., feature lists, prototypes, exemplars, frames). When
knowledge is needed, these symbolic structures are retrieved to support
conceptual processing. Upon hearing the word “dog,” for example, sym-
bolic structures that describe dogs are retrieved to represent the word’s
meaning. Notably, none of the original modality-specific representations
that produced these amodal descriptions are typically assumed to be active
or relevant. Instead an amodal description suffices.

Grounded theories of the conceptual system. A very different way of think-
ing about the conceptual system has existed in philosophy for thousands of
years and is being reinvented scientifically in modern theories of grounded
cognition (e.g., Barsalou, 1999, 2008a, 2010; De Vega, Glenberg & Graesser,
2008; Kiefer et al., 2008; Kiefer & Spitzer, 2001; Pecher & Zwaan, 2005;
Pulvermiiller & Fadiga, 2010; Semin & Smith, 2008). From this perspective,
the conceptual system is not modular but grounded in the modalities for
perception, action, and internal states, thereby giving category representa-
tions a modal character. ' '

Again, consider conceptual knowledge about dogs. From the grounded
perspective, as the modalities become active to represent visual, auditory,
olfactory, and somatosensory information from a perceived dog, and as
they generate actions, association areas in the brain capture states of these
modal systems for later representational use. Rather than transducing sym-
bolic descriptions of these states into an amodal system, the brain simply
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attempts to capture states of the relevant modal systems. Across instances
‘over time, these captured states are integrated using associative mecha-
nisms. On occasions when knowledge is needed, captured states are rein-
stated to support conceptual processing. Upon hearing the word “dog,” for
example, association areas reactivate modal representations captured from
actual experiences with dogs to represent them.

Common misperceptions of grounded cognition. One misperception is that
grounded cognition is necessarily exclusively empiricist. Although con-
.cepts certainly reflect experience, they also have strong biological bases
that scaffold learning. There is no a priori reason why grounded conceptual
structures cannot have a strong genetic basis, especially in the sensory-
motor feature and association areas that underlie them. Similarly, some
concepts themselves may have a genetic basis in simulation mechanisms
(e.g., Hoenig et al., 2011; Kiefer et al., 2007; Simmons & Barsalou, 2003).

Another misperception is that grounded accounts essentially view
the conceptual system as a recording system, similar to cameras and other
recorders that only capture holistic bitmapped images, thereby being
unable to construct symbolic representations. As described later, however,
this assumption does not necessarily follow, given that grounded approaches
implement symbolic systems (e.g., Barsalou, 1999, 2003a, 2005a).

A final misperception is that all concepts must be grounded in the per-
ception of the external world. Again, however, this assumption does not
necessarily follow. There is no reason that internal states cannot be cap-
tured and reenacted in the same manner as external states. As internal
states for emotion, interoception, and mentalizing occur, attentional and
associative mechanisms integrate them into conceptual structures. As
described later, captured internal states play central roles in concepts,
especially abstract ones.

Themes Associated with Grounded Conceptual Systems

Grounded approaches to the conceptual system typically exhibit four themes:
simulation, emergence, dynamic representation, and situatedness.
Simulation. As just described, grounded theories typically assume that
captured multimodal states accumulate across instances to establish the
concept that represents a category. Grounded theories further assume that
small subsets of these captured states can later be reactivated on a given
occasion to represent the category in the absence of an instance. Upon hear-
ing the word “dog,” captured states for dogs are reactivated to provide likely
inferences about the category. Many researchers refer to these reactivations
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as sirmulations; namely, the brain is simulating the state it would be in if it
were actually experiencing a category instance. Thus simulations are tem-
porary, situation-specific representations constructed dynamically from an
established concept in memory to represent a category.

Researchers further assume that simulations take a wide variety of forms
(e.g., Barsalou, 1999). On some occasions, simulations might be fully con-
scious, as in mental imagery. On many others, however, simulations may
be partially, mostly, or even completely unconscious while still having
significant impact on cognition (e.g., Barsalou et al., 2003; Kiefer et al.,
2008). Simulations can vary widely across other dimensions, as well. On
some occasions, simulations may be relatively vague and sketchy, only
reinstating partial information in original experiences. On other occasions,
simulations may be vivid and detailed. Analogously, simulations can
reflect the average of many instances or represent a single instance. Finally,
simulations may range from being relatively veridical to being highly
distorted. :

Considerable evidence has accumulated across multiple disciplines for
simulation mechanisms, not only in knowledge representation but in
all other cognitive processes from perception to social cognition (Barsalou,
2008a). We believe increasingly that simulation is a basic computational
process in the brain that takes many diverse forms across myriad cognitive
processes. Importantly, however, other computational mechanisms are
undoubtedly important as well for processing concepts, especially language
(Barsalou, Santos, Simmons & Wilson, 2008; Paivio, 1986).

Emergence. As described earlier, grounded cognition assumes that cogni-
tive phenomena emerge from diverse domains including perception, action,
and internal states. Analogously, grounded views propose that concepts
emerge from distributed systems. From this perspective, a concept emerges
from all the brain areas that process properties of its instances. For example,
brain areas that process visual, auditory, olfactory, and somatosensory
properties of dogs store conceptual knowledge about them, along with
brain areas that process relevant actions and affective responses toward
them. Rather than being localized in one neural system, the properties
_ that represent dogs are distributed across relevant neural systems dedicated
to perception, action, and internal states, with the concept for dogs emerg-
ing from them.

Tt follows from this account that different kinds of concepts should
emerge from different collections of brain areas (e.g., Cree & McRae, 2003).
Martin (2007), for example, documents different multimodal profiles for
living versus nonliving things. Whereas specific brain areas represent the
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visual form and motion of living things, different (but adjacent) brain areas
represent the visual form and motion of tools, along with additional areas
that represent tool actions (Hoenig, Sim, Bochev, Herrnberger & Kiefer,
2008; Kiefer, 2001, 2005).

Similar findings are accumulating in other conceptual domains. Much
research, for example, has documented the distributed circuits that under-
lie social concepts (e.g., Northoff et al, 2006; Van Overwalle, 2009;
Simmons, Reddish, Bellgowan & Martin, 2010). Specifically, social con-
cepts emerge from distributed areas that process mentalizing, emotion,
interoception, visual motion, and other properties associated with indi-
viduals and the self. Analogously, emotions emerge from the neural systems
that process properties relevant for emotion rather than from discrete
subcortical modules (e.g., Kober et al., 2008; Wilson-Mendenhall, Barrett,
Simmons & Barsalou, 2011). Another intriguing distinction is between
concepts about entities and events in the external world versus concepts
for internal evaluations of them, with different distributed circuits repre-
senting extrinsic versus intrinsic concepts (e.g., Golland, Golland, Bentin
& Malach, 2008). In all these cases, concepts emerge from diverse neural
systems relevant for processing their properties.

Dynamic representation. Researchers often view a concept as a static data
structure in memory that always represents a category in a fixed way
(e.g., a definition, prototype, frame). Conversely, grounded cognition often
views a concept as a dynamic system capable of producing an infinite
number of simulations that each represent relevant information about the
category in a specific situation (e.g., Barsalou, Breazeal & Smith, 2007).

Many findings demonstrate that concepts produce temporary, situation-
specific Tepresentations of categories dynamically (for reviews, see Barsalou,
2008c; Yeh & Barsalou, 2006). In behavioral experiments, much research
demonstrates that different information becomes active for the same con-
cept in different situations (e.g., Barsalou, 1987, 1989). In neuroimaging
experiments, Hoenig et al. (2008) and Wilson-Mendenhall, Barrett, et al.
(2011) found that different neural circuits became active in different situ-
ations to represent the same concept.

Situatedness. From the perspective of grounded cognition, the simula-
tions that concepts produce dynamically do not exist in a vacuum. When
someone represents the category of hammers, for example, she does not
just simulate a hammer floating in space. Instead she situates the simula-
tion, representing it in a setting, along with relevant objects, with agents
performing actions that produce events and internal states (as in hammering
a nail into a board). Rather than being like a dictionary or encyclopedia,
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the conceptual system is more like an instructional manual that guides
intelligent, goal-directed action in the current situation (e.g., Barsalou,
2003b; Robbins & Aydede, 2008).

Much research demonstrates the situated character of the dynamic rep-
resentations that concepts produce (for reviews, see Barsalou, 2008c; Yeh
& Barsalou, 2006). In Wu and Barsalou (2009), for example, participants
generated properties of object categories (e.g., car). Not surprisingly, many
properties described the objects (e.g., wheels). Significantly, however, many
properties described background situations, including settings, events,
and internal states. Although participants were asked explicitly to describe
objects, they situated them implicitly (see also Barsalou & Wiemer-Hastings,
2005; Santos, Chaigneau, Simmons & Barsalou, 2011).

Numerous neuroimaging studies similarly demonstrate the situated
character of the dynamic representations that concepts produce. Chao
and Martin (2000) presented participants with static pictures of isolated
manipulable artifacts with no mention of action or function. Nevertheless
a grasping circuit became active, indicating that participants situated the
objects with respect to action (for a review, see Lewis, 2006). Simmons
et al. (2005) performed an analogous experiment with pictures of food and
found that participants situated the foods as if consuming them. Gil-da-
Costa et al. (2004) sirnilérly found that monkeys situated monkey calls as
if experiencing them in social situations (see also Barsaloy, 2005b).

~Challenges for Grounded Theories of Concepts

Researchers sometimes propose that grounded theories are best suited for
explaining concrete concepts, such as those for objects and simple behav-
iors, givén their reliance on sensory-motor systems. Such proposals further
question whether grounded theories can explain so-called abstract con-
cepts and symbolic operations, which appear to rely less on these systems.
In this section, we propose that neither concern is warranted and that
grounded theories are well suited to explain both abstract concepts and
symbolic operations. | _

Abstract concepts, By definition, abstract concepts do not refer to physi-
cal objects that constitute targets of sensory-motor interactions (e.g., truth).
We question, however, whether abstract concepts are actually abstract, and
propose instead that they are grounded in situated experience, similar to
concrete concepts. From the grounded perspective, the distinction of con-
crete versus abstract is a misnomer, given that both kinds of concepts are
grounded in situations.
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Our account-begins by assuming that all concepts are situated (Barsalou,
1999). In general, all concepts are represented in a setting with relevant
objects and agents performing actions that produce events and internal
states. Where concepts differ, we argue, is in how they focus attention
on certain parts of situations, leaving other parts in the background.
Whereas so-called concrete concepts focus attention on well-bounded parts
of external situations, such as objects, settings, and simple actions, so-called
abstract concepts focus attention on internal states and complex events.
For each type of concept, representations of entire situations underlie
conceptual processing, but with different parts being focal (for a related
perspective, see Kiefer & Pulvermiiller, 2011).

Barsalou and Wiemer-Hastings (2005) offered preliminary support for
this account. When participants generated properties for concrete and
abstract concepts (e.g., bird vs. truth), they produced broad situational
information for both, including properties that described settings, objects,
events, and internal states. As further predicted, however, concrete con-
cepts focused more on external objects, whereas abstract concepts focused
more on settings, events, and internal states. Additionally, abstract con-
cepts contained more organizational structure, suggesting that they play
central roles in integrating situational information.

Wilson-Mendenhall, Simmons, Martin, and Barsalou (201 1) offered
further support for this account. In a neuroimaging experiment, partici-
pants represented abstract concepts with simulated internal states. When
representing the abstract concept of convince, brain areas associated with
mental states and social interaction became active. When representing
the abstract concept of arithmetic, brain areas associated with processing
number became active. Additionally, abstract concepts activated more
areas than concrete concepts, suggesting again that abstract concepts tend
to integrate broad situational information. Abstract concepts also activated
- more visual areas, calling into question their status as “abstract.”

Wilson-Mendenhall, Barrett, et al. (2011) also assessed neural activa-
tions for abstract concepts. For the abstract concept of observe, the visual
and auditory systems became active as if participants were simulating the '
experience of visual and auditory observation. More generally, all abstract
concepts activated different distributed circuits in different situations, further
implicating the situated character of conceptual processing.

Symbolic operations. Classic theories assume that cognition is inherently
symbolic, where “symbolic” means that cognition operates on conceptual
interpretations of experience, not on analog representations of the expe-
riences themselves (e.g., Fodor, 1975; Pylyshyn, 1973). When someone
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perceives a forest scene, for example, concepts for trees, flowers, squirrels,
et cetera, categorize relevant entities, thereby interpreting them as instances,
Conversely, when a camera takes a picture of the scene, it only represents
bitmapped images of forest entities together in an undifferentiated holistic
manner. Because concepts do not interpret these entities, an explicit sym-
‘bolic representation of the scene does not exist. We show next that it is
nevertheless possible to implement symbolic operations using grounded
mechanisms (e.g., Barsalou, 1999, 2003a, 2005a).

As described in the following paragraphs, symbolic theories assume that
type-token predication, categorical inference, and conceptual combination
are central to cognition. We agree with the central role of these symbolic
operations in cognition but disagree with the standard assumptions that
amodal symbols implement them. _

First consider type-token predication. When an individual is categorized
as an instance of a concept, a type-token predication results, specifying
that the individual is believed to be an instance of the concept (e.g., catego-
rizing an individual as a dog specifies that the individual is believed to be
a dog). According to classic theories, an amodal symbolic structure répre~
sents this predication, but according to grounded theories, a modal simula-
tion represents it instead.

To test the grounded view, researchers have developed paradigms for assess-
ing Whe_ther predicates are grounded in the brain’s modal systems. Simmons
et al. (2007), for example, asked participants to verify whether color predicates
(e.g., yellow) could be accurately predicated of objects (e.g., banana). Accord-
ing to grounded views, participants should simulate yellow and other colors
in color-processing regions of the brain when predicating them of objects.
Simmons et al. obtained support for this prediction, as have many other
researchers who have studied diverse predicates both behaviorally and neu-
rally (for reviews, see Barsalou, 2008b; Hoenig et al., 2008).

Next consider categorical inference, namely, the process of inferring the
properties of an individual, once a concept has been predicated of it (e.g.,
inferring that an individual is likely to bark once the concept dog has been
predicated of it). Extensive evidence further implicates grounded views in
the projection of categorical inferences. In research on situated conceptu-
alization, studies demonstrate that once a concept is predicated of some-
thing, a wide variety of grounded inferences follow. In Chao and Martin
(2000), for example, predicating a tool category of an object generated
motor inferences about interacting with it. Similarly, in Simmons et al.
(2005), predicating a food category of an object generated gustatory infer-
ences about eating it. For reviews of many other such findings, both behav-
ioral and neural, see Barsalou (2008a, 2008b, 2008c).
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Finally, modest evidence implicates simulation in conceptual combina-
tion (the process of combining simple concepts into complex ones). When
Wu and Barsalou (2009) asked participants to produce properties true of
conceptual combinations (e.g., rolled-up lawn), they found that occluded
properties were produced less often than unoccluded properties, implicat-
ing visual simulations in the combination process. More indirectly, the
extensive evidence now implicating modal simulation in text comprehen-
sion further suggests that conceptual combination is grounded (e.g., Pecher
& Zwaan, 2005; De Vega et al., 2008). Because text comprehension requires
extensive combination of concepts at the phrase, sentence, and discourse
levels, evidence that modal representations are active during text compre-
hension potentially implicates them in conceptual combination, although
more direct assessments are necessary.

Testing Specific Predictions of Grounded Cognition Theory

In previous sections, we characterized a coneept as the representation of
a category in memory that emerges from distributed modal systems in
the brain for perception, action, and introspection. In turn, simulations are
constructed dynamically from the concept that represents the category in
a situated manner on specific occasions. From these general assumptions,
we derive the following six critical predictions that make it possible to
empirically distinguish grounded cognition theory from amodal theories:
(i) accessing a concept should activate the modality-specific systems that
code the corresponding conceptual features (e.g., visual, auditory, action
related); (ii) as conceptual processing is based on a partial reinstatement
of activity within sensory-motor systems, conceptual and sensory-motor
processing should exhibit similarities at a functional and neuroanatomical
level; (iii) the situated and dynamic nature of conceptual representations
results in a context-dependent activation of conceptual features in sensory-
motor systems; (iv) the activation pattern in sensory-motor systems reflects
access to conceptual features that constitute the concept rather than input
or output processes such as object perception, imagery, or overt action (cf.
Mahon & Caramazza, 2009; McClelland & Rogers, 2003; Rogers et al., 2004);
(v) modal representations have a functional significance in conceptual tasks
and affect behavioral performance, rather than being a concomitant effect
in the sense of an epiphenomenon; (vi) concepts are experience-dependent
representations that reflect the individual’s past interactions with the phys-
ical, social, and internal word.

In the remainder of this chapter, we provide an overview on recent
investigations that tested one or more of these predictions of grounded
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cognition theory. As the literature in the field is abundant, we focus on
selected examples, which test these predictions in a paradigmatic way.
Given that they concern cognitive processing at different levels of analysis,
we draw on a variety of methodologies and approaches to address them
convincingly.

Sensory-Motor Activity during Conceptual Tasks: Neurophysiological
Recording Techniques

Neuroimaging studies using positron-emission tomography (PET) or func-
tional magnetic resonance imaging (fMRY), as well as measurements of electri-
cal brain activity with electroencephalogram (EEG) or magnetoencephalogram
(MEG), are highly valuable sources of evidence for testing the predictions
of grounded cognition theory. These neuroscientific techniques provide
direct information for the involvement of modality-specific sensory and
motor systems duting conceptual tasks and thus considerably constrain
theoretical assumptions regarding the structure of conceptual memory (for
a similar argument in the context of the imagery debate, see Kosslyn,
1994).

Localizing Brain Activity during Conceptual Processing

Neuroimaging results have provided converging evidence on the differen-

tial involvement of modality-specific brain areas in the processing of words

and concepts of different kinds (e.g., vision-related concepts versus action-

related concepts). In line with grounded cognition theory, PET and fMRI

studies in healthy participants (e.g., Hoenig et al., 2008; Martin, Wiggs,

Ungerleider & Haxby, 1996; Simmons et al., 2005) demonstrated activation

in sensory-motor brain areas in a range of conceptual tasks (for an over- -
view, see Kemmerer & Gonzalez-Castillo, 2010; Kiefer & Pulvermiiller,

2012; Martin, 2007; Pulvermiiller & Fadiga, 2010).

Convincing evidence suggests that conceptual and perceptual process-
ing functionally and neuroanatomically overlaps in sensory brain regions
(Kiefer et al., 2008): visual recognition of words denoting objects, for which
acoustic features are highly relevant (e.g., sound-related concepts such as
“telephone”), ignited cell assemblies in left posterior superior and middle
temporal gyri (pSTG/MTG) that were also activated by sound perception
(fig. 15.1A [plate 4}). Importantly, activity within this part of auditory
association cortex increased selectively as a function of acoustic, but not
of visual and action-related, feature relevance, showing that left pSTG/
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Figure 15.1

The grounding of concepts in auditory brain systems. (a) Functional-anatomical
overlap between conceptual and perceptual processing of acoustic features. Increased
functional activation to words with acoustic conceptual features (conceptual pro-
cessing) overlaps with brain activation during listening to real sounds (sound pet-
ception) in left posterior superior and middle temporal gyrus (pSTG/MTG). Shown
are contiguous slices centered on the peak coordinates. (b) Time course of concep-
tual processing of acoustic features. Top: Event-related scalp potentials to words with
versus without acoustic features at central electrodes. Potentials are collapsed across
central electrode sites. The arrow indicates the onset of the effect. Bottorn: Brain
electrical sources of scalp ERPs: maps of cortical currents calculated according to
the minimum norm algorithm from the ERP difference waves (with versus without
acoustic features). Maps are shown for the respective maxima in global field power.
Strongest cortical currents (visualized in blue color) were observed in and close to
left pSTG/MTG. Adapted from Kiefer et al. (2008). (See plate 4.)




394 . Markus Kiefer and Lawrence W. Barsaloy

MTG specifically codes acoustic conceptual knowledge (Kiefer et al., 2008).
These results demonstrate that access to concepts recruits auditory areys
that are also active during auditory perception. Activation of sensory brajn
regions in conceptual processing has been documented not only for the
auditory modality but also for vision (Chao, Haxby & Martin; 1999; $im,
& Kiefer, 2005) and even taste (Gonzalez et al., 2006; Simmons et al., 2005).
This shows that the modal representation of conceptual features in the
corresponding sensory brain areas is a general principle that applies to
many sensory modalities.

Other work has investigated the significance of the motor system for
conceptual processing (for reviews, see Gallese & Lakoff, 2005; Pulvermiil-
ler, 2005; Pulvermiiller & Fadiga, 2010). Conceptual processing of action
words activates motor areas as a function of the body part involved in
carrying out the action (Hauk; Johnsrude & Pulvermiller, 2004). The acti-
vations for arm- and leg-eiction concepts partially overlapped with the
activity pattern evoked by real body movements, that is, when the finger
and foot, respectively, were moved by the participants.

These examples impre,ssivelyl confirm the first two predictions of
grounded cognition theory: conceptual processing engages sensory-motor
systems, which represent the corresponding conceptual features in a modal
fashion (e.g., visual, auditory, gustatory, olfactory, or action-related fea-
tures); and furthermore, activity in sensory-motor areas during conceptual
processing partially overlaps with activity typically involved in perception
and action. These results are difficult to reconcile with amodal approaches
to conceptual memory, which assume that concepts are processed in het-
eromodal association cortex distinct from perception and action (Mahon
& Caramazza, 2009; Rogers et al., 2004; Tyler & Moss, 2001). Heteromodal

“association cortex receives input from lower-level modality-specific brain
areas and integrates information in an amodal fashion. Neuroimaging
work (Hoenig et al., 2008) further demonstrates that the activity pattern
in sensory-motor regions in response to a given concept strongly varies
with the task, suggesting a situation-dependent recruitment of modal con-
ceptual features (Barsalou, 1982; Kiefer, 2005). This finding supports the
notion of situated, dynamic concepts, as stated in our third prediction.

Time Course of Brain Activity during Conceptual Processing

Neuroimaging studies using fMRI or PET demonstrate that sensory-motor
cortex is activated during conceptual tasks. They do not inform us, however,
whether activity in modality-specific cortex reflects access to conceptual
features that constitute the concept as proposed by the grounded cognition
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theory. According to this view, modal conceptual features can be activated
unconsciously and rapidly, thereby preceding relatively slow and conscious
imagery processes. Alternatively, it is conceivable that the concept proper
is stored in an amodal format in heteromodal association cortex, whereas
activity in modality-specific cortex indexes slow postconceptual processes
such as imagery or associative elaboration (Mahon & Caramazza, 2009; -
McClelland & Rogers, 2003; Rogers et al., 2004). These two alternative
explanations make different predictions regarding the time course of
brain activity in sensory-motor areas during conceptual tasks. According
to grounded cognition theory, activation in sensory-motor areas should
emerge at early processing stages concurrent with the word or object rec-
ognition process, which is estimated to be completed between 150 and 200
ms (Kiefer et al., 2008). According to the imagery interpretation, sensory-
motor activity should occur only after the access to the (amodal) concept
in later intervals between 300 and 500 ms. Although grounded cognition
theory does not preclude a late access to modal conceptual features, it
is difficult to differentiate between conceptual processing and imagery if
sensory-motor activation is observed in time windows later than 300 ms
(Kiefer, 2005; Sim & Kiefer, 2005).

Due to their high temporal resolution, EEG or MEG recordings are highly
suitable to track the time course of sensory-motor activity during conceptual
tasks. In support of grounded cognition theory, several studies, which used

even-related potentials (ERPs) of the EEG in addition to fMRI scanning, found
evidence for early activity in sensory-motor systems in conceptual tasks
(for the fMRI results, see the previous section). Sound-related concepts (see
fig. 15.1B) activated auditory association cortex starting at 150 ms after word
onset (Kiefer et al., 2008). Action-related concepts ignited motor areas within
200 ms after the critical meaningful stimulus could be recognized (Pulvermiil-
ler, 2005). Some studies even found activity in modality-specific cortex at
about 100 ms after stimulus onset (Hoenig et al., 2008; Kiefer, Sim, Helbig &
Graf, 2011). These results clearly confirm our fourth prediction, which states
that sensory-motor activity reflects access to conceptual features rather than
exclusively late postconceptual processes.

Causal Influence of Sensory-Motor Representations on Performance in
Conceptual Tasks

Although several lines of evidence indicate that conceptual representa-
tions are grounded in sensory-motor systems, neuroimaging and electro-
physiological studies only provide correlational information regarding
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the involvement of modality-specific brain circuits in conceptual process.
ing. They cannot answer the question of whether sensory or motor repre.
sentations are necessary for conceptual processing and thus play a causg]
role. Addressing this question is theoretically highly important because the
involvement of modality-specific brain regions in conceptual tasks may
only be auxiliary or concomitant, while conceptual information proper is
represented in an amodal fashion (Mahon & Caramazza, 2009) in hetero-
modal association cortex, possibly close to the temporal pole (McClelland
& Rogers, 2003; Rogers et al., 2004).

In the following sections, we give an overview on studies that provide
theoretically informed empirical demonstrations for a causal role of modal
representations in conceptual tasks. They confirm our fifth prediction,
highlighting the functional role of sensory-motor representations in con-
ceptual tasks, and rule out the possibility that modal representations are
only auxiliary or concomitant.

Behavioral Priming and Interference Paradigms

Behavioral experiments using priming (facilitation of a target response due
to a previous stimulation) or interference (impairment of a target response
due to a previous stimulation) paradigms tested the functional role of
sensory-motor representations (for a review, see Barsalou, 2008a). A previ-
ous activation of sensory (Vermeulen, Corneille & Niedenthal, 2008) or
actioni-related representations (Helbig, Graf & Kiefer, 2006; Kiefer et al.,
2011) is shown to modulate subsequent performance in conceptual tasks,
in particular when the corresponding sensotry or motor information is
highly relevant to the target concept (Witt, Kemmerer, Linkenauger &
Culham, 2010). Because sensory-motor stimulation influences performance
in a conceptual task, we can conclude that conceptual processing is caus-
ally linked to modal representations. For instance, observing an action
movie as a prime (e.g., seeing a hand hammering) facilitates conceptual
access to a subsequently presented manipulable target object when the
target is associated with a similar action as the prime movie (e.g., ax) com-
pared with a dissimilar one (e.g., saw) (Helbig, Steinwender, Graf & Kiefer,
2010). Action-priming effects have also been obtained for prime objects,
which afforded a similar action as the target objects (Helbig et al., 2006;
Kiefer et al., 2011). Behavioral experiments with interference paradigms
have found that a visual interference task specificaily slows visual property
verifications, whereas an auditory interference task specifically slows audi-
tory property verifications (Vermeulen et al., 2008). These findings from




Grounding the Human Conceptual System 397

priming and interference paradigms demonstrate that sensory-motor rep-
resentations play a functional role in conceptual processing.

Transcranial Magnetic Stimulation and the Effect of Brain Damage

The causal role of sensory-motor representations for conceptual processing
can also be tested at a neural level. Transcranial magnetic stimulation
(TMS) can be used to temporarily influence the functional state of small
areas in modality-specific cortex. TMS can improve or hurt performance
as a function of the stimulation protocol: low-frequency stimulation (< 1 Hz)
typically induces neural inhibition and as a consequence inferior per-
formance, whereas stimulation with higher frequencies (> 1 Hz) induces
neural excitation leading to superior performance (e.g., faster reactions).
TMS to the motor cortex (Buccino et al,, 2005; Pulvermtiller, Hauk, Nikulin
& Ilmoniemi, 2005) and to the parietal visuomotor system (Pobric, Jefferies
& Lambon Ralph, 2010) influences performance in conceptual tasks spe-
cifically for stimuli (e.g., action words, manipulable objects), for which
action-related information is highly relevant. Crucially, magnetic stimula-
tion of the hand area in motor cortex improved the recognition of arm-
related words, whereas TMS to the foot region improved leg word processing
(Pulvermiiller et al., 2005). Stimulation of the motor system therefore has
an effect on the processing of action-related concepts in an effector-specific

fashion, as suggested by neuroimaging (Hauk et al., 2004).

" The causal role of modality-specific cortex can also be tested by neuropsy-
chological studies in brain-darmaged patients with focal lesions to sensory
or motor cortex, although lesions may sometimes be widespread or damage
neural connections, thereby limiting the interpretation of the findings. Nev-
ertheless results converge on the pattern that lesions in frontal and parietal
motor areas selectively impair conceptual processing of action verbs (Vigliocco,
Vinson, Druks, Barber & Cappa, 2011) and manipulable objects (Gainott,
2006) while leaving comprehension of visually defined nouns intact (Neininger
& Pulvermiiller, 2003). In contrast, right temporo-occipital lesions produce
an impairment for visually defined nouns (Neininger & Pulvermiiller, 2003).
Similarly, damage to modality-specific auditory cortex selectively impairs
processing of sound-related concepts (Trumpp, Kliese, Hoenig, Haarmaier &
Kiefer, 2012). TMS and neuropsychological studies thus demonstrate that
modality-specific cortex is necessary for conceptual processing: temporal inter-
ference with TMS or permanent damage in modality-specific cortex in patients
affects access to concepts, for which the corresponding sensory-motor infor-
mation is highly relevant.
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Experience-Dependent Plasticity of Conceptual Representations in
Sensory-Motor Systems

In line with the sixth prediction of grounded cognition theory, we describe
convincing demonstrations that concepts are represented in sensory-motoy
areas through the learning-based formation of cortical cell assemblies.
Training studies investigated the experience-dependent acquisition of con-
ceptual representations for novel objects (James & Gauthier, 2003; Kiefer
et al., 2007; Weisberg, van Turennout & Martin, 2007). For instance, the
formation of sensory-motor representations establishing a concept was
investigated by training human participants with novel objects (“nob-
jects”) under different training conditions (Kiefer et al., 2007). During
training (fig. 15.2A [plate 5]), participants were asked to either make an
action pantomime toward a detail feature of the novel object, which sig-
naled a specific object function, or to point to it. In'a categorization task
at test, the neural correlates of the acquired conceptual represéntations
were assessed by measuring electrical brain activity (fig. 15.2B[plate 5)).
Only in the pantomime group, in which a meaningful action was per-
formed toward the object during training, early activation in frontal motor
regions and later activation in occipito-parietal visual-motor regions
were found, indicating that action representations essentially constitute
the concept. In the pointing training group, in which the action during
training was not meaningfully related to the object, these effects were
absent, suggesting that concepts were not grounded in action.

Expérience—dependent plasticity of conceptual representations can be
demonstrated not only with novel but also with real objects or events.
Professional musicians, but not musical laypersons, activate auditory asso-
ciation cortex when accessing conceptual knowledge about musical instru-
ments (Hoenig et al., 2011). Similarly, hockey players as well as hockey
fans showed more activity in dorsal premotor cortex than novices when
they passively listened to sentences describing ice hockey actions (Beilock,
Lyons, Mattarella-Micke, Nusbaum & Small, 2008).

Conclusion

Grounded cognition theory assumes that conceptual cognition is essen-
tially grounded in perception, action, and internal states. Accordingly,
concepts become established by the corresponding modal systems that
typically process instances of the respective categories in interaction with
the physical and social world. Qur view of concepts contrasts strongly with
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Figure 15.2

Experience-dependent plasticity of conceptual representations in the visuomotor
system. (a) Examples of the novel 3-D objects {“nobjects”), for which conceptual
knowledge was acquired during training and demonstrations of the different train-
ing conditions. Top: Actions associated with the detail feature in the pantomime
" training group. Bottom: Pictures highlighting the detail feature to be pointed to in
the pointing training group. (b) Minimum norm source estimates obtained from
grand-mean scalp ERPs at test after the training during a categorization task. Shown
are difference maps between the pantomime and the pointing condition at 117 ms after
picture onset. Note the fronto-central activation (yellow circle) close to the premotor
cortex in the pantomime group. Adapted from Kiefer et al. (2007). (See plate 5.)
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“classical theories that view concepts as amodal mental entities in which
original modal information is transformed into a common abstract repre-
sentation format.

At a theoretical level, we have shown that grounded cognition can in
principle explain many relevant phenomena in conceptual cognition,
including predication, inferences, and abstract concepts. This theoretical
analysis shows that grounded cognition has explanatory power compara-
ble to classic amodal theories. From basic assumptions of grounded cogni-
tion, we derived six critical predictions that serve to distinguish our modal
theoretical stance from amodal theories. We described methodologies that
are well suited to test these predictions, and presenfed findings from
the literature that confirm ‘our assumptions. As empirical tests of grounded
cognition require the analysis of both structure and processes within the
conceptual system, a multimethod approach to conceptual cognition is
necessaty, including behavioral studies and neurophysiological recording
techniques, as well as neuropsychological lesion and TMS studies. The
results reviewed here confirm grounded cognition at several levels of analy-
ses. Conceptual processing involves the systems for perception, action, and
internal states at a neural and functional level in a predictable fashion.
Modal representations that underlie perception and action are accessed
rapidly in conceptual tasks, demonstrating that modality-specific processes
reflect access to conceptual features rather than postconceptual associative
or imagery processes. Finally, and most importantly, processes in modality-
specific systems depend on previous sensory-motor experience and are caus-
ally linked to performance in conceptual tasks.

Although much progress has been made in collecting critical evidence
to support grounded cognition, research on some topics is just beginning.
We want to highlight three areas in which further empirical work is needed.
First, in contrast to findings demonstrating the involvement of sensory-
motor systems in conceptual tasks at a correlational level, more evidence
regarding the causal role of the modality-specific systems for performance
in conceptual tasks would further strengthen grounded cognition theory.
Second, although several lines of evidence demonstrate the importance of
sensory-motor systems for conceptual processing, this does not preclude
the possibility of an additional supramodal conceptual system. For instance,
a hybrid theory suggests a central hub neuroanatomically located in the
anterior temporal lobe that facilitates the integration of the distributed
sensory-motor representations into a coherent concept (Patterson, Nestor
& Rogers, 2007; for a detailed discussion, see Kiefer & Pulvermiiller, 2012).
Finally, there is little empirical work on the grounding of abstract concepts




Grounding the Human Conceptual System 401

in perception, action, and internal states. In particular, clarifying the nature
of abstract concepts will decide whether grounded cognition theory will
qualify as a general framework for conceptual cognition.
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