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SUMMARY

A study of whether motor simulations are activated when action words are used literally
and nonliterally was carried out using a neurostimulation methodology. Transcranial direct
current stimulation (tDCS) was used to increase neuronal excitability in the left primary motor
cortex while participants (N = 55) read short sentences and judged whether each sentence made
sense. Participants read four categories of sentences: literal motor sentences (e.g., the architect
grasped the pen), literal non-motor sentences (e.g. the student understood the idea), nonsense
sentences (e.g. the man browsed the ball), and motor metaphors (e.g., the student grasped the

idea), which varied in familiarity.

Neurostimulation (anodal TDCS) significantly facilitated processing of literal motor
sentences and motor metaphors, but not literal non-motor or nonsense sentences. Within motor
metaphors, neurostimulation significantly facilitated processing of unfamiliar but not familiar

expressions.

These results indicate that embodied motor simulation facilitates processing of both
literal and figurative uses of motor action words, suggesting that the figurative meaning is
grounded in the literal meaning. In motor metaphors, the importance of embodied simulation
decreases as familiarity increases, suggesting that the embodied pathway is eventually replaced

with faster, non-embodied processing pathways as familiarity increases
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I. INTRODUCTION
A. Background

Reading descriptions of literal motor actions, as in the phrase she grasped the pen, causes
activation in areas of our motor and premotor cortices that correspond to hand and finger motion
(Hauk et al., 2004; Tettamanti et al., 2005). According to theories of embodied cognition
(Barsalou, 1999), this activation occurs because reading about motor actions triggers sensory
simulation of the motor action referenced in the text — a kind of “partial re-experiencing.”
Recent research has posed the question: given that embodied motor simulations are activated
when reading descriptions of literal actions (e.g., grasped the pen), are motor simulations
similarly activated when action words are used nonliterally, as in the motor metaphor she
grasped the idea?

This question has important implications for language processing. For instance, if metaphoric
uses of action words activate embodied motor simulations, this may suggest that the metaphoric
meaning of action words like grasp is grounded in the literal meaning. By contrast, if metaphoric
uses of action words do not activate embodied motor simulations, this could indicate that
figurative meanings are separate and unrelated to the literal meanings. The question of whether
embodied simulations are involved in metaphor processing also has important implications for
theories of cognition. To provide the background needed to understand the implications of this
question, and the research that has addressed it, | will begin by reviewing literature on embodied
cognition and metaphor processing.

B. Embodied Cognition

Embodied cognition is a relatively new set of ideas about the relationship between body

and mind, informed by research in psychology (e.g. Barsalou, 1999), philosophy (e.g.



Churchland et al., 1994), and robotics (e.g. Brooks, 1991). Among the most influential theories
of embodied cognition is Barsalou’s (1999) model, which systematically explains how the
body’s perceptual inputs serve as building blocks for higher cognition. To understand this model
of embodied cognition it is helpful to provide a contrast with a traditional view of cognition.

The traditional view of cognition makes extensive use of a “computer metaphor,” which
imposes strict separation between the “software” of the mind and the “hardware” of the body and
brain (Block, 1995). On this view, cognitive processes operate on abstract, symbolic mental
representations that serve as the basic components of cognition. These symbols bear arbitrary
relation to any perceptual (bodily) inputs they might use, meaning that modality-specific
information (e.g., sight, sound, touch) must be converted into this abstract, amodal symbolic
language (Niedenthal et al., 2005). Because the physical body has no influence on the symbolic
language of cognition, it follows that human cognition could theoretically be replicated outside
the human body and brain, for instance on nonbiological hardware like computer chips (given
the technological ability).

By contrast, Barsalou’s (1999) model of embodied cognition eliminates the need for
information from the body’s senses to be converted into abstract, amodal symbols. Instead,
Barsalou proposed that holistic perceptual experience is broken down into perceptual
components and then stored in perceptual symbols — a language of cognition that retains
components of perceptual experience. Barsalou’s model proposes that during higher cognition,
association areas of the brain partially reactivate sensorimotor areas to implement these
perceptual symbols. This partial reactivation of sensorimotor areas is referred to as
“sensorimotor simulation” of the action or experience a person is thinking about. As an example,

consider the action of throwing a ball. The experience of throwing a ball is broken down into



individual sensorimotor components (e.g., visual components and motor components) and stored
in perceptual symbols. Later, thinking about throwing a ball partial reactivates visual and motor
brain areas associated with these perceptual components (sensory simulation of throwing). Thus,
in the embodied cognition view, the body and its sensorimotor inputs are central aspects of
cognition.

Barsalou and others have suggested that even complex mental phenomena and abstract
concepts rely on perceptual symbols and sensory simulation. For instance, Wilson (2002)
proposed that the experience of empathy may be grounded in mental recreation of another
person’s feelings in ourselves, beginning with embodied simulation of basic sensations they may
be experiencing. However, skepticism regarding the idea that embodied cognitive processes can
account for the full range of human cognition has led to the proposal of alternative “hybrid”
models (Mahon & Caramazza, 2008; Pulvermdller et al., 2009). In these models, complex
cognitive processes such as language processing and problem solving involve the integration of
both embodied and nonembodied cognitive processes.

It is important to note here that Barsalou’s (1999) model is far from the only theory
addressing embodied cognition or sensorimotor simulation. Embodied cognition can refer to a
variety of phenomena, and even narrowing the scope to sensorimotor simulation, different
models disagree on how sensorimotor simulation relates to other cognitive processes. However,
the existence of the phenomenon that Barsalou calls sensorimotor simulation is not debated, and
the present study does not touch on debates about the role of sensorimotor simulation in general
cognition or attempt to compare different models. As such, beyond noting their existence, | will

not discuss other models of perceptual simulation and embodied cognitive processing.



Embodied cognition has been observed in text and language comprehension (Fischer &
Zwaan, 2008). For example, researchers have observed activation in sensorimotor areas of the
brain when participants read sentences describing body movements and actions (e.g., Hauk et al.,
2004; Tettamanti et al., 2005). Importantly, the sensorimotor neural activity was congruent with
the action type read in the text — for instance, areas of the motor cortex that control hand motion
were activated when participants read verbs related to hand actions such as grasp. These
findings suggest that activation of motor areas facilitated semantic processing of written
descriptions of actions, consistent with the sensory simulation specified by models of embodied
cognition (e.g., Barsalou, 1999). Such embodied simulation has also been observed when
reading words related to sensations rather than motor actions. For instance, activation has been
observed in taste-perception areas of the brain when presenting participants with individual taste-
related words such as sweet and bitter (Citron & Goldberg, 2014; Speed & Majid, 2019)

The context in which a sensory or motor action word appears may also influence the
embodied simulations that are activated in response. Kable et al. (2002; 2005) suggested that the
task or sentence context may influence whether embodied simulations are engaged in response to
action or sensory words. This is consistent with behavioral priming studies showing that
activation of the specific meaning attributes of a word depends on sentence context. For
example, in the sentence “The little boy shuddered eating a slice of lemon,” only contextually
relevant attributes of “lemon” (e.g., sour) were primed whereas contextually irrelevant attributes
(e.g. yellow) were not (Tabossi, 1988; Tabossi et al., 1987). Such context effects appear to
provide evidence against the idea proposed by some researchers (e.g. Pulvermiller, 2009) that
embodied simulations are engaged automatically and reflexively in response to sensory or action

words regardless of context. Overall, it appears that embodied motor and sensory simulations are



influenced both by the presence of motor or sensory words and by the surrounding context.
Logically, aside from potentially changing the reader’s interpretation of the action or motor
word, the surrounding context supplies important additional information. Because the same
motor word can be used to describe a diverse set of actual motor actions, cues from the
surrounding text may be needed to simulate a motor action in detail. For instance, detailed
embodied motor simulation of “she threw the ball toward the outfield” may differ from “she
threw the keys onto the counter,” because, despite both phrases using the same action word, the
type of motion described is different.

C. Metaphors and Embodiment

Embodiment refers to the idea that, in general terms, physical characteristics of an agent’s
body (and its interactions with the environment) influence cognition (Wilson & Foglia, 2011).
The word embodiment is often used as a general umbrella term that includes many different
ideas, including theories of embodied cognition. In this proposal, | use the term embodiment to
refer to the nonspecific idea that aspects of the body and its sensory experiences influence human
language and cognition (Gallese & Lakoff, 2005). By contrast, | use the term embodied cognition
to refer to the more specific idea that embodied simulation of sensory and motor experience are
key components of cognitive processes, as described by Barsalou (1999).

Metaphors have been studied as elements of language that reflect embodiment. In a seminal
book, Lakoff and Johnson (1980) proposed that metaphors are not merely tools of expression,
but that they are based on experience and reflect our conceptual systems. To support this idea,
they considered the metaphoric mappings that underlie many figurative expressions used in
everyday speech. For instance, the expression you re wasting my time might reflect the

underlying metaphoric mapping TIME IS MONEY, whereas the holiday season is behind us and



the weeks ahead of us rely on the metaphoric mapping TIME 1S SPACE. Lakoff and Johnson
called these underlying metaphoric mappings conceptual metaphors. A conceptual metaphor
like TIME IS SPACE is composed of the target domain TIME and the source domain SPACE.
The source domains of conceptual metaphors often reflect contexts that can be directly
experienced through the body’s senses, which are used to understand target domains that reflect
abstract concepts (Lakoff & Johnson, 1980; Lakoff, 1999). In the earlier example, the more
abstract target domain TIME is understood through spatial orientations behind/in front of the
body (Boroditsky, 2000; Gentner, 2001). Based on the observation that many figurative
expressions rely on mappings between concrete, experiential source domains and abstract target
domains, Lakoff and Johnson (1980; 1999) proposed that metaphoric expressions are grounded
in human interactions with their physical reality. According to Lakoff and Johnson (1980;
1999), metaphoric expressions reflect the fact that we conceptualize abstract concepts by relating
them to concrete, experiential phenomena.

Some groups of metaphors have particularly clear embodied origins. For instance,
expressions like grasping the idea rely on mappings between bodily sensations or motor actions
(e.g., physical grasping, the source domain) and abstract concepts (e.g., understanding, the target
domain). I discuss such expressions at length in the following sections of this paper. Certain
metaphors that express emotion may also reflect embodiment. Some metaphoric expressions
appear to communicate emotions by referencing bodily sensations that characterize the emotion,
such as he was paralyzed by fear and she was quivering with excitement (Kdvecses, 1986; 2000;
Ding, 2012). These expressions seem to localize physiological sensations and reactions to
specific sites on the body. For instance, the expression she was flushed with anger corresponds

to the physiological effect of redness in the face and neck area, while the expression he was



getting hot under the collar corresponds to the feeling of heat or increased body/skin temperature
that accompanies anger (Ding, 2012). Cross-cultural investigations have shown remarkable
similarities in such metaphoric expressions of emotion across different cultures and languages,
which may support the idea that these expressions are grounded in basic physiological
sensations. Cultures and languages across which such similarities have been found include
Chinese (Yu, 1995, 1998), Tunisian Arabic (Maalej, 2004), Tahitian (Solomon, 1984), and

Chagga, a Tanzanian language (Emanatian, 1995).

D. Metaphors and Embodied Cognition

As embodied cognition became an established area of research, the proposed embodied
origins of metaphors saw renewed interest. Because these embodied origins are often seen in
metaphoric source domains that reflect contexts that are directly experienced through the body’s
senses (Lakoff & Johnson, 1980), a logical connection to embodied cognition was to consider
whether metaphor processing involves simulating the bodily experience referenced in the source
domain.

How could embodied cognition be involved in metaphor processing? Some metaphoric
expressions are based on underlying associative mappings that reflect bodily sensations or motor
actions. For example, a metaphor like he grasped the idea is based on the underlying conceptual
metaphor UNDERSTANDING IS HOLDING - a conceptual mapping between an experiential
source domain (the motor action of physical grasping) and an abstract target domain
(understanding). | refer to these figurative expressions with mappings between bodily sensation
or motor action source domains and abstract target domains as sensorimotor metaphors.
Researchers (e.g., Gibbs, 2006; Ritchie, 2008) have suggested that sensorimotor metaphors may

be understood in part through embodied sensory or motor simulation of the metaphor’s source



domain. For instance, embodied simulation of the motor action of physically grasping an object
with one’s hand may occur when processing the expression he grasped the idea. Using
neuroimaging techniques, this embodied simulation would be observable as activity in areas of
the primary motor and premotor cortices associated with hand and finger movement. | refer to
this idea that sensorimotor metaphor processing engages embodied cognition as the ECSM
hypothesis (Embodied Cognition — Sensorimotor Metaphor hypothesis).

The question of whether metaphors are processed via embodied cognitive processes as
suggested by the ECSM hypothesis might have important implications for the role of embodied
cognitive processes in human cognition (Casasanto 2008; 2009). Although the idea that certain
types of cognition (like imagining oneself performing physical actions) rely on embodied
processes is widely accepted (Pulvermdller, 2005; Willems & Casasanto, 2011), it has been
proposed that embodied cognition could account for a much broader range of cognition. Indeed,
Barsalou (1999) proposes that all human cognition can be based on embodied cognitive
processes. This includes abstract cognition, such as thinking about intangible ideas and
principles. A difficult question thus emerges: how can embodied cognition - which draws on the
body’s sensory system - account for thinking about abstract concepts that cannot be seen,
touched, or felt? Because embodied cognition involves simulation of experiential phenomena,
arriving at abstract cognition from embodied simulation of sensory experience is a major
challenge for pure embodied cognition models (Mahon & Caramazza, 2008).

Some theorists (e.g., Casasanto, 2008; 2009) have proposed that metaphoric expressions
and their underlying metaphoric mappings may provide one possible answer. The metaphoric
mappings that underlie expressions like he grasped the idea link sensory or motor source

domains to abstract target domains, providing a mental bridge between bodily experiences and



intangible concepts. These metaphoric mappings could serve as pathways in an embodied
account of higher-order cognition: abstract cognition could begin with embodied simulation of
sensory experience (e.g., simulation of physically grasping an object) and use these metaphoric
mental pathways as bridges to abstract concepts like understanding, justice or freedom. Such
metaphoric bridging has been suggested as a possible mechanism to enable embodied cognitive
processes to produce abstract cognition (Casasanto, 2008; 2009).

The idea that embodied cognition could facilitate processing of sensorimotor metaphors
may hold important implications for theories of cognition and language processing. This
theoretical background has motivated several studies investigating the role of embodied
cognition in sensorimotor metaphor processing. Although a small body of work has addressed
metaphors with sensory source domains (e.g., taste; Citron & Goldberg, 2014), a larger body of
work has addressed metaphors with motor source domains. | will focus specifically on metaphors
that involve motor-related action words, such as grasp and kick.

Most studies investigating embodied cognition in response to motor metaphors (e.g.,
Boulenger et al., 2009; Desai et al., 2011) have used neuroimaging to monitor neural activity in
response to metaphors. One recent study (Reilly et al., 2019) has used neurostimulation to
inhibit motor cortex activity during metaphor processing, with the goal of establishing a causal
link between neural motor activity and fluency in processing motor metaphors. In the following
section, | summarize and evaluate the findings of several studies examining the role of embodied
simulation in motor metaphor processing.

E. Review of Studies Investigating Embodied Cognition in Motor Metaphors

Several studies have used neuroimaging or neurostimulation techniques to investigate

research questions related to embodied cognition in metaphor processing. In this section, |



10

review ten studies relevant to this question. Of these studies, seven have reported results that
support the idea that embodied simulations are involved in processing sensorimotor metaphors,
as described in the ECSM hypothesis (Gibbs; 2006; Ritchie, 2008). The remaining three studies
found no evidence of neural activity indicative of embodied cognition in response to
sensorimotor metaphors.

Boulenger et al. (2009) used functional magnetic resonance imaging (fMRI) to record
neural activity while participants read short sentences in which hand- and foot-related action
words were used metaphorically or literally. Pairs of metaphoric and literal sentences were
created for the experiment, with half of the pairs using foot-related action words (e.qg., literal:
Pablo kicked the ball; metaphoric: Pablo kicked the habit) and half using hand-related action
words (e.g., literal: John grasped the object; metaphoric: John grasped the idea). Seventy-six
pairs of experimental sentences were presented to participants (N =18) on a monitor, one word at
a time, with each word being presented for 500 ms.

To investigate whether the sensorimotor system plays a role in semantic processing of
metaphoric and literal sentences, Boulenger et al. (2009) analyzed neural activity in several
regions of interest along the motor strip in the central and precentral motor cortex. The regions
of interest were selected based on previous research measuring neural activation in response to
reading descriptions of hand and foot motor actions (e.g. Hauk et al., 2004; Tettamanti et al.,
2005). Boulenger et al (2009) found that relative to sentences with no motor action words, both
literal and metaphoric sentences elicited increased neural activity in motor strip areas, with either
hand or foot areas of the motor strip showing increased activation corresponding to the action
word in the sentence. Boulenger et al. interpreted this result as supporting the idea that the

sensorimotor system plays a role in semantic processing of metaphoric phrases motor source
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domains, consistent with the ECSM hypothesis (Gibbs, 2006; Ritchie, 2008). Moreover, for both
metaphoric and literal sentences, the observed motor strip activity did not appear to be a
reflexive response to a single critical action word (e.g. the word kick in Pablo kicked the habit),
but rather peaked at a later time, after the entire sentence had been read. This suggests that
embodied motor simulation was not simply a reflexive response to action-related words but
rather a key process that facilitated semantic processing of the sentence, whether metaphoric or
literal.

Boulenger et al. (2012) performed a follow-up study using magnetoencephalography
(MEG) imaging that allowed for more precise measurement of the timescale of neural activation.
Aside from using a different neuroimaging technique, this study’s methodology was largely
identical to Boulenger et al. (2009), using the same set of literal and metaphoric sentence stimuli,
the same instructions, and the same presentation format and time interval. Results (N = 18)
indicated that the motor cortex showed activation early in sentence processing, within 250 ms
following the critical action word, reaching peak activation at 650-700 ms after the action word
(the latest time window analyzed). These results further support the idea that embodied motor
simulation plays a role in processing of both literal sentences and motor metaphors.

Lauro et al. (2013) conducted an fMRI study and measured neural activity in response to
literal and metaphoric sentences. Lauro et al. used 21 hand/arm related action verbs (e.g., throw)
and 21 foot/leg related verbs (e.g., stumble) to generate literal (e.g., Marco throws the wood in
the fireplace), metaphoric, (e.g. Matilde kicked the habit of smoking) and idiomatic sentences
(e.g. The old man finally kicked the bucket). The distinction made in this study between
metaphoric and idiomatic uses of action words is important. In action metaphors (e.g. kick the

habit), the action word is relevant to the underlying metaphoric mapping (e.g. a mapping
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between the action of kicking and the concept of stopping or getting rid of something) and is thus
conceptually related to the meaning. By contrast, most idioms (e.g. kick the bucket) do not have
such an underlying metaphoric mapping (Davies, 1982; Hanks, 2004), and thus the action word
is not part of a metaphoric mapping that reflects the expression’s meaning. Lauro et al.
presented each sentence for 2500ms and participants (N = 24) were instructed to read the
sentences normally. Results showed that both literal and metaphoric sentences activated hand
and foot areas of the motor cortex. However, much stronger activation was observed in these
areas for literal sentences compared to metaphorical sentences. No significant motor cortex
activation was observed for idiomatic sentences. Because activity indicative of embodied
simulation was found for metaphors, but not for idioms (which lack an underlying metaphoric
mapping), this result supports the ECSM hypothesis.

Desai et al. (2011) used fMRI to measure neural activity in primary motor areas (motor
cortex) and in the anterior inferior parietal lobule (alPL), a neural area involved in motor action
planning. Three types of matched sentence stimuli were presented: literal, metaphoric, and
abstract. Literal sentences described a human agent performing a hand/arm motor action (e.g.,
The daughter grasped the flowers). The corresponding metaphoric sentence used the same
hand/arm action verb in a figurative manner (e.g., The public grasped the idea). The
corresponding abstract sentence had a similar meaning to the metaphoric sentence but used a
non-action verb (e.g., The public understood the idea). For each sentence, the noun phrase (e.g.,
The public) was presented for 500 ms and the remainder of the sentence (e.g., grasped the idea)
was presented for 1300 ms. Participants (N = 22) were presented with 81 sentences of each type
and instructed to read the sentences normally. A separate group of participants (N = 28) rated

each sentence on familiarity using a 1-7 scale.
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Desai et al. (2011) hypothesized that relatively unfamiliar motor metaphors would most
strongly engage the neural sensorimotor system because comprehension of unfamiliar
expressions would require more detailed embodied simulation of motor actions than
comprehension of familiar expressions. Results supported this hypothesis: degree of activation of
primary hand motor areas was inversely related to metaphor familiarity (i.e., less familiar
metaphors led to greater activation of motor areas). Desai et al. interpreted this finding as
supporting a gradual abstraction account, in which relatively detailed simulations are used when
understanding unfamiliar metaphors, with these simulations gradually becoming less detailed
and engaging only secondary motor regions (e.g. the alPL) as metaphors become more familiar.
Overall, Desai et al. supported the idea that embodied cognition plays a role in processing
sensorimotor metaphors and suggested that metaphor familiarity influences the nature of that
role.

Most recently, Reilly et al. (2019) used single-pulse TMS to disrupt neural activity in
hand areas of participants’ left primary motor cortex during stimulus presentation. Participants
were presented with four types of sentence stimuli: literal non-action (“The country wanted the
plan for a nuclear program”), literal action (“The craftsman lifted the pebble from the ground”),
metaphoric action (“The discovery lifted the nation out of poverty”), and nonsense (““All the dom
occeniow more lecese”). Participants were instructed to press a response key to indicate whether
each presented sentence made sense. The effects of single-pulse TMS stimulation are temporally
specific with no carryover effects, which allows researchers to administer TMS stimulation to
each participant on half of the trials, with the other half presented without stimulation.

Reilly et al. observed that TMS stimulation impaired processing of both literal action and

metaphoric action sentences, as indexed by longer decision times on trials with stimulation
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applied. By contrast, decision times on literal non-action sentences were not affected by TMS.
This pattern establishes a causal link, showing that the motor cortex is needed for fluent
comprehension of motor metaphors. However, a limitation of Reilly et al. (2019) is that the
researchers used only highly familiar motor metaphors, and thus were not able to investigate
whether the impact of TMS changed as a function of metaphor familiarity.

Three neuroimaging studies have yielded results that are ambiguous or do not appear to
support the ECSM hypothesis. In the earliest of these, Aziz-Zadeh et al. (2006) visually
presented participants with linguistic and video stimuli while recording neural activity through
fMRI. The linguistic stimuli consisted of short metaphoric and literal phrases that referenced
motor actions related to the mouth (e.g. chewing), hands (e.g. grasping), and feet (e.g. kicking).
Stimuli were presented such that each participant saw both literal and metaphoric phrases
referencing each type of motor action: mouth (e.g. chewing the banana — literal; chewing over
the details — metaphoric), hand (e.g. grasping the pen — literal; grasping the idea — metaphoric),
and foot (e.g. running across the field — literal; time is running — metaphoric). A total of 30
sentences were presented across these conditions, each for 1.5 seconds, and participants (N = 12)
were instructed to read each sentence. Following presentation of the phrase stimuli, participants
also viewed short videos in which actors performed motor actions with their mouth (e.g., a
mouth biting into a peach), hands (e.g., a hand grasping a pen) or feet (e.g., a foot pressing on a
piano pedal). Each video lasted 1.5 seconds, matching the sentence presentation interval.

Aziz-Zadeh et al. (2006) measured activation in areas of the ventral premotor cortex
(vPMC) corresponding to mouth, hand, and foot motor activity based on established activation
mappings (Buccino et al., 2001; Wheaton et al., 2004). Results indicated activation in

corresponding areas of the vPMC when participants watched videos and read sentences related to



15

mouth, hand, and foot actions. However, metaphoric phrases did not elicit vPMC activity.
These results add to the established conclusions that observing (Buccino et al., 2001; Grafton,
2009) and reading literal descriptions (Hauk et al., 2004; Tettamanti et al., 2005) of motor
actions engages embodied motor simulation, but appear to cast doubt on the idea that
sensorimotor metaphors similarly engage embodied simulation. To explain this result, Aziz-
Zadeh et al. (2006) suggested that metaphors may activate a different neural network once they
are learned compared to when they are originally encountered, with the effect that more familiar
metaphors no longer activate motor areas. As such, Aziz-Zadeh et al. suggested that the
(informally assessed) high familiarity of their metaphor stimuli may have affected their results.
This suggestion that the high familiarity of metaphoric stimuli may account for the lack of neural
motor activation predates, and may have influenced, Desai et al.’s (2011) familiarity hypothesis.
In a German language fMRI study, Ruschemeyer et al. (2007) investigated whether
abstract-meaning verbs would be processed differently depending on whether they were built on
word stems related to motor actions or stems with abstract meaning. For instance, the abstract-
meaning verb begriefen, which means to comprehend, is based on a motor stem (griefen, to
grasp), whereas the similar abstract-meaning verb bedenken, which means to consider, is built
on an abstract stem (denken, to think). Despite being a single word, a German verb like
begreifen is analogous to an English metaphor like she grasped the idea because a physical
action (greifen, to grasp) is used to evoke the abstract idea of comprehension. Participants
(N=20) were presented with the words displayed one at a time on a monitor inside an fMRI
scanner. Forty-six verbs were presented for 700 ms each, with 23 being based on abstract stems
(e.g. bedenken) and 23 being based on motor stems (e.g. begriefen). Results indicated that motor

verbs like griefen significantly activated areas of the primary motor cortex, whereas abstract
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verbs like denken did not. However, abstract-meaning composite verbs did not activate neural
motor areas even when they were built on motor stems (e.g. begriefen). Because this suggests
that embodied simulation was not involved in comprehending verbs that convey abstract
concepts (like comprehension) by relating them to physical actions (like grasping), this result
does not support the ECSM hypothesis.

In another fMRI study, Raposo et al. (2009) presented participants with hand/arm (e.g.
grab) or foot/leg (e.g. kick) action words presented either in isolation, in literal sentences (e.g.,
After six minutes, the new recruit kicked the ball), or in metaphoric sentences (e.g., The job offer
was a great chance so Claire grabbed it). Participants (N=22) listened to voice recordings of 56
literal and 56 metaphoric sentences while their neural activity was recorded. Following
presentation of the sentence stimuli, all participants performed a motor localizer task in which
they were instructed to move their index fingers and each foot, allowing researches to precisely
localize each participants’ neural activation associated with actual foot and hand movements.
Recordings of action words in isolation were presented in a separate session.

Raposo et al. (2009) found significant activation in areas of the motor and premotor
cortices associated with hand and foot motion in response to action words presented in isolation
and literal sentences containing action words. Activation observed for these stimuli significantly
overlapped with activation observed for actual foot and hand motions in the motor localizer task.
However, metaphoric sentences containing action words did not significantly activate hand- and
foot-associated areas of the motor and premotor cortices. This result fails to support the idea that
embodied simulations are involved in processing sensorimotor metaphors. In addition, the fact

that action words in sensorimotor metaphors did not activate the motor or premotor cortices
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suggests that embodied simulation is context-dependent rather than automatic in response to
action words.

Clearly, support is mixed for the idea that embodied simulations are involved in
processing of motor metaphors. Methodological differences among studies on this topic might
partially account for these conflicting findings. However, the results of Desai et al (2011) might
provide another plausible explanation, which is that embodied simulation becomes weaker as
familiarity increases. This conclusion is important for two reasons. First, it fits with findings
from prior research that suggest that comprehension of less familiar metaphors requires analysis
and consideration of the metaphoric mapping and particularly the source domain, whereas
comprehension of highly familiar metaphors is automatic and does not require consideration of
this mapping (Bowdle & Gentner, 2005). Second, the idea that neural motor activity is inversely
related to metaphor familiarity may account for several null results in studies of embodied
cognition in motor metaphor processing, and thus explain the inconsistent findings in this body

of work.

How does the idea that detailed embodied simulations are engaged only for less familiar
metaphors fit with earlier research on conceptual access in metaphor processing? As proposed in
the ECSM hypothesis (Gibbs, 2006; Ritchie, 2008), when sensorimotor metaphors (e.g., grasp
the idea) are read, embodied sensory or motor simulations of the metaphoric source domain (e.g.,
simulation of physical grasping) are activated in order to arrive at the target domain (e.g., the
concept of understanding), thus facilitating comprehension. As others have noted (e.g., Lacey et
al., 2012), this process seems to imply that the conceptual mapping underlying the metaphoric
expression is accessed during comprehension. How does this relate to metaphor familiarity? As

discussed earlier, some research has indicated that highly familiar metaphoric expressions may
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become lexicalized and have a separately stored meaning that is accessed directly during
comprehension, eliminating the need to access the underlying associative mapping (e.g., Keysar
& Bly, 1999; Keysar et al., 2000). Similarly, the Career of Metaphor model (Bowdle & Gentner,
2005) which is one of the dominant models of metaphor processing, specifies that highly
conventional metaphors are understood automatically, an idea that has been supported by a
recent study examining the automaticity of metaphor and simile processing (Pambuccian &
Raney, 2020). Accordingly, in motor metaphors, automatic retrieval of an existing meaning may
not require embodied motor simulation. This is consistent with the idea that embodied
simulations are not performed when processing highly familiar sensorimotor metaphors (as their
meanings are accessed directly). In contrast, sensory simulations are activated to facilitate
comprehension of less familiar metaphors (for which comprehension is not automatic and
requires consideration of the metaphoric mapping; Bowdle & Gentner, 2005).

The possibility that embodied simulation is involved only when processing unfamiliar
metaphors also provides a plausible explanation for why several studies found no evidence of
embodied simulation in response to metaphors. Aside from Desai et al. (2011), the studies
reviewed in this paper used only relatively familiar metaphoric expressions as stimuli. Thus, the
fact that Ruschemeyer et al. (2007), Raposo et al. (2009), and Desai et al. (2013) did not observe
significant neural activity indicative of embodied simulation may be attributed in part to using
only highly familiar metaphor stimuli. In particular, in Ruschemeyer et al. (2007), the fact that
the German metaphors presented were single words may have made them even more familiar
and more likely to be treated as lexicalized items. Similarly, observations of significantly
weaker neural motor activity for metaphors than for literal sentences (e.g., Lauro, 2013) may be

related to the use of predominantly high-familiarity metaphors.
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Reilly et al. (2019) were able to disrupt processing using TMS pulses. Their findings are
important because they provide strong evidence for a causal role of the motor cortex in motor
metaphor processing. Reilly et al.’s findings support the conclusion that the motor cortical
activation observed in response to motor metaphors in prior research reflected embodied
simulation processes that play an important, facilitatory role in motor metaphor processing. The
alternative explanation — that observed neural motor activity is epiphenomenal and unrelated to
the motor metaphor comprehension processes — is incongruent with the finding that motor

cortical activity is necessary for fluent motor metaphor comprehension.

F. Background and Current Study

Two general possibilities arise from previous research on embodied cognition in motor
metaphor processing. The first is that, in a motor metaphor like she grasped the idea, the
figurative meaning of the word grasp is grounded in the literal meaning. Accordingly,
understanding the figurative meaning will thus require, or at least be facilitated by, embodied
simulation of physical grasping. The second possibility is that the figurative meaning of the
word grasp is a separate, unrelated meaning from the literal meaning. If this is correct,
processing the motor metaphor should not engage embodied simulation of physical grasping, as
the figurative meaning is separate from the literal meaning. Although some studies have yielded
results supporting the first possibility, this support is not unanimous.

The present study aimed to (1) assess the role of motor cortical activity during processing
of motor metaphors; and by extension (2), to assess whether the figurative meanings of action
words in motor metaphors are grounded in the literal meanings, or are separate and unrelated
meanings. To paint a clearer picture of motor metaphor processing, motor cortical activity was

assessed during processing of low- and high-familiarity metaphors. To my knowledge, this is the
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first study on this question since Desai et al. (2011) to present stimuli across a range of
familiarity, and to thus provide insights as to whether the inverse relationship between embodied
simulation and metaphor familiarity observed by Desai et al. (2011) is replicable.

This study used transcranial direct current stimulation (tDCS) to directly manipulate
cortical activity while metaphors were processed. To my knowledge, tDCS has never been used
to study embodied cognition in metaphor processing. Similar to TMS, tDCS is a
neurostimulation technique that can interfere with or enhance neural signals in specific regions
of the brain, thereby impairing or facilitating specific, localized functions. However, tDCS and
TMS affect brain function through different mechanisms. Whereas TMS uses a magnetic field to
induce electromagnetic induction in a localized brain area, tDCS passes a very small electrical
current across the cortex via electrodes placed on the scalp. In tDCS, Positive (anodal) current
temporarily facilitates neural activity in regions below the target electrode, and negative
(cathodal) current inhibits neural activity (Thair et al., 2017).

Given the similarities between the two methodologies, Reilly et al.’s (2019) TMS study is
a logical model for a tDCS study of embodied cognition in metaphor processing. Specifically,
tDCS can be used to stimulate the motor cortex while the participant processes motor metaphors.
As such, a tDCS manipulation has the potential to yield valuable information. A potential
advantage of using tDCS rather that TMS is that tDCS is a significantly less expensive and less
invasive technique, allowing for the collection of a larger number of participants given similar
financial constraints.

In the present study, | used tDCS to investigate the role of embodied cognition in motor
metaphor processing using an experimental design based on Reilly et al.’s (2019) TMS study.

Rather than TMS, I used anodal tDCS to electrically stimulate the and enhance activity in the
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motor cortex while participants read sentence stimuli. To assess the role of embodied motor
simulation in motor metaphor processing, | examined whether tDCS stimulation differentially
impacted motor metaphor processing compared to processing of literal sentences. Four types of
sentence stimuli were presented: literal sentences containing a motor word, literal sentences
containing no motor word, figurative sentences containing a motor metaphor, and nonsense
sentences. All action words pertained to hand- or arm-related actions. As in Reilly et al.,
participants were asked to indicate, as quickly and accurately as possible, whether each sentence
“makes sense.” However, unlike Reilly et al., I manipulated the familiarity of the metaphor
stimuli to assess whether the impact of tDCS varied as a function of metaphor familiarity. This
allowed me to evaluate the hypothesis that embodied cognition is differentially engaged
depending on metaphor familiarity, as found by Desali et al. (2011).

Compared to single-pulse TMS, the effect of tDCS on neural function is less temporally
specific. As such, I measured the impact of tDCS over the course of an entire experimental
session (rather than on a per-trial basis). Each participant was randomly assigned to receive
either active anodal stimulation or no stimulation. Participants in the active stimulation condition
received 2.0 milliamps of continuous direct current, which is sufficient to influence motor
cortical activity. In both conditions, participants were instructed to make sensibility judgments
on the presented sentences (as in Reilly et al, 2019) .

Sentences (aside from nonsense sentences) were drawn from the stimuli used by Desai et
al. (2011), which were normed on familiarity. Unlike in Reilly et al’s (2019) TMS study,
participants were presented with metaphor stimuli spanning a wide range of familiarity. In
particular, | assessed whether tDCS stimulation differentially facilitated metaphor processing as

a function of familiarity. As such, the proposed study directly tested the familiarity hypothesis
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proposed by Desai et al. (2011) — that embodied cognitive processes are more important to
comprehension of unfamiliar than familiar motor metaphors. Finding that tDCS stimulation
facilitates processing of unfamiliar motor metaphors to a greater degree than familiar motor
metaphors would support this hypothesis. Moreover, this result would provide causal evidence
of the facilitatory role of embodied cognition in motor metaphor processing, which was not
possible in Desai et al. (2011) study.

Sensibility judgment response times were compared between the no stimulation and active
stimulation conditions for literal motor, literal non-motor, motor metaphor, and nonsense

sentences. The following hypotheses were tested:

1. Neurostimulation (anodal tDCS) will differentially speed response times as a function of
sentence type (Sentence Type X Stimulation Condition interaction). Relative to no
stimulation, active stimulation will have the greatest facilitatory effect (speed-up) on
response times for literal motor sentences, followed by motor metaphors. Stimulation is
not expected to facilitate response times for literal non-motor or nonsense sentences. See
Figure 1 (Appendix A) for a graphical depiction of this pattern of results).

2. Within motor metaphors, neurostimulation will differentially speed response times as a
function of metaphor familiarity. Specifically, neurostimulation is expected to facilitate
(speed up) comprehension of unfamiliar metaphors more than comprehension of familiar
metaphors. See Figures 2 and 3 (Appendix A) for a graphical depiction of this pattern of

results.
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I1. METHOD

A. Participants

Fifty five undergraduate students from the University of Illinois at Chicago (UIC)
psychology subject pool were recruited to participate in the study in exchange for course credit.
To assess language backgrounds and vocabulary knowledge among participants, all participants
completed a language history questionnaire and vocabulary quiz (described below). Participants
were required to be proficient English speakers, which was defined as attending English-
speaking schools for at least 10 years, self-rating their speaking and comprehension of English as
a 9 or 10 on a 10-point scale, and scoring at least 5 out of 15 on the vocabulary test. Participants

were prescreened to be right-handed.
B. Materials

A total of 60 sentences were presented, across four categories of sentences: literal motor
sentences, motor metaphor sentences, literal non-motor sentences, and nonsense sentences.
Literal motor sentences are sentences in which a motor action word is used literally (e.g., the
architect grasped the pen). Motor metaphor sentences are sentences in which a motor action
word is used figuratively (e.g., the student grasped the idea). Literal non-motor sentences are
sentences that are synonymous with motor metaphors but expressed literally, without the use of
any motor words (e.g., the student understood the idea). Nonsense sentences are sentences that
are semantically nonviable. Of the nonsense sentences, half included an action word (e.qg., the
man punched the need) and half did not include an action word (e.g., the worker browsed the

ball).
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Literal motor sentences, motor metaphor sentences, and literal non-motor sentences were
drawn from stimuli used by Desai et al. (2011), who collected familiarity ratings for the motor
metaphor stimuli. Motor metaphors were selected to span a wide range of familiarity, with half
of the metaphors selected from lowest quartile of familiarity ratings and half selected from the
top quartile. Nonsense sentences were created to match the structure of the literal and metaphor

sentence stimuli.

Sentences were presented in a pseudorandomized order, manipulated such that no one
type of sentence (Literal Motor, Literal Non-Motor, Motor Metaphor, and Nonsense) appeared
more than three times consecutively. Sentences were displayed on a 15-inch monitor in 12pt
black font on a white background, with participants maintaining a viewing distance of

approximately 50 centimeters.

An English Vocabulary quiz developed by Raney was used to measure English word
knowledge (see Appendix B). The test consists of 15 multiple-choice items for which the
participant is instructed to choose the best answer among five alternatives. A version of this
vocabulary test has been used in prior studies at UIC (Minkoff & Raney, 2000; Therriault &
Raney, 2007), and has been found to be correlated with reading comprehension skill (r = 0.40 to
0.52). The average score for UIC undergraduates participating in research studies is
approximately 8 (the test is designed to be difficult). The vocabulary test was administered to
ensure basic knowledge of English vocabulary.

The Language History Questionnaire consists of several questions asking participants to
list which languages they know, which language they learned first, and to rate their proficiency
in speaking, comprehending, and reading each of the languages they know. The Language

History Questionnaire is provided in Appendix B. Collecting language history allowed me to
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more completely describe the participant population, which could facilitate potential future
comparisons to other studies conducted on less linguistically diverse samples.
C. Procedure

Participants performed the experiment in a quiet room in the Behavioral Sciences
Building (BSB). One or two participants were tested per session. Participants were randomly
assigned to either the no stimulation condition or active tDCS stimulation condition. Prior to
beginning the experiment, participants were asked to read and sign an informed consent form
that outlined the experimental procedures. For participants assigned to the active stimulation
condition, the researcher also explained transcranial direct current stimulation prior to obtaining
consent. Participants in the active stimulation condition then filled out a tDCS screening
questionnaire, which asked whether participants met any criteria for which tDCS may be
contraindicated, such as whether the participant has any open head wounds. The tDCS screening
questionnaire is provided in Appendix C. Any participant who responded “yes” to any screening

question was instead assigned to the no stimulation condition.

Participants in the active stimulation condition who meet the screening requirements
were next prepared for tDCS. The tDCS procedures followed the recommendations made by
Fregni et al. (2015). First, the participant’s head was measured to determine the location of tDCS
electrode placement. The electrode sponge was placed approximately 5cm to the left of the
vertex (top center of head) to target the hand area of the left primary motor cortex. Second, the
area of attachment was swabbed with an alcohol pad. Third, the electrode sponge was placed on
the scalp and held in position with a headband. The electrode sponge was soaked in saline
solution to ensure electrical contact with the scalp. Fourth, a second (reference) electrode was

placed on the right arm just above the elbow.
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In the active stimulation condition, participants experienced 2.0 milliamps of anodal
continuous direct current throughout the experimental tasks. When starting stimulation,
participants were asked to rate their discomfort on a scale from 1 (Very Comfortable) to 10
(Very Uncomfortable). In addition, the participant was asked to tell the experimenter if they
experienced significant discomfort at any point during the experiment, at which the stimulation
portion of the experiment would be discontinued and the tDCS electrodes removed.

The primary experimental task was a sensibility judgment task. In both the active
stimulation and no stimulation conditions, participants were presented with the sentence stimuli
one at a time and instructed to press one of two response buttons to indicate whether the sentence
“makes sense” or “does not make sense.” Participants were instructed to perform the button
presses using their left hands so as to ensure that button pressing was not affected by the tDCS

stimulation of the left motor cortex (which controls the right hand).

After completing the sensibility judgment task, participants completed the Language
History Questionnaire and the VVocabulary Test. The duration of a single experimental session

did not exceed 30 minutes.

D. Apparatus

Neurostimulation was administered using The Brain Stimulator v3.0 tDCS device

(https://thebrainstimulator.net). Electrodes were applied using 2x2 inch saline-soaked sponges.
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I1l. RESULTS

The first hypothesis predicted a Sentence Type X Stimulation Condition interaction:
active stimulation condition participants would have faster response times than no stimulation
condition participants for motor literal and motor metaphor sentences, but response times would
not differ between the two conditions for literal non-motor and nonsense sentences. To test this
hypothesis, response time data from the sensibility judgment task were analyzed using a linear
mixed-effects model. Log-transformed response times were analyzed as a function of
stimulation condition (none or active), sentence type (Literal Motor, Literal Non-Motor, Motor
Metaphor, and Nonsense), and their interaction as fixed effects. A maximal random effects
structure (Barr et al., 2013) was initially tested, which was simplified until the model converged.
This resulted in a final model with random intercepts and for each participant and each item,
which was run in R (Ime4 package) using the following code: Imer(logRT ~ 1 + StimulationType
* SentenceType + (1|Subject) + (1|Item)). Both the participant and item intercepts were
significant (p < .001). Overall, the fixed effects alone explained 9.9% of variance in

comprehension times (ernarginal = 0.099), while the fixed and random effects combined

explained 24.1% (R? = 0.241).

conditional —

The final model revealed a main effect of sentence type, F(3, 40) = 29.23, p <.001,

Ry argina = 0.089, no main effect of stimulation condition, F(1, 55) = 2.19, p = .144,
Riargina = 0.01, and a stimulation condition X sentence type interaction, F(3, 1850) = 3.23, p
=.022, R}, 4y ginar = 0-09. Post hoc tests (Bonferroni corrected pairwise comparisons) were

conducted to follow up the main effect of sentence type, revealing that response times for literal
motor sentences (M = 1806, SD = 770) were significantly faster than for any of the other three

sentence types: motor metaphors (M = 2381, SD = 778), t(47) = 8.76, p < .001, literal non-motor
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sentences (M = 2198, SD = 836), t(47) =5.93, p <.001, and nonsense sentences (M = 2240, SD
=920), t(47) = 6.66, p < .001. There were no significant differences in response times between
motor metaphors and nonliteral motor sentences, t(47) = 2.66, p =.06, between motor metaphors
and nonsense sentences, t(47) = 2.60, p = .08, or between literal non-motor and nonsense
sentences, t(47) = 0.25, p = 1.00.

Given the hypothesis that the impact of stimulation would differ by sentence type,
planned comparisons were conducted to follow up the stimulation condition X sentence type
interaction, testing the simple effect of stimulation condition in each of the four sentence types.
Results indicate that stimulation condition response times were significantly faster than control
response times for literal motor sentences, F(1, 91) = 5.94, p = .02, and for motor metaphors,
F(1, 164) = 4.15, p = .04. There was no significant difference in response times between the two
stimulation conditions for literal non-motor sentences, F(1, 166) = 0.08, p = .78, or for nonsense
sentences, F(1, 91) = 0.54, p = .46.

The second hypothesis predicted an interaction within metaphor stimuli — the difference
between active stimulation and no stimulation condition response times would be larger for
unfamiliar than familiar metaphors (with active stimulation response times being faster in both
cases). To test this hypothesis, the metaphor sentence type in the previous analysis was analyzed
as two categories: familiar metaphors and unfamiliar metaphors. A linear mixed-effects model
was used to analyze sensibility judgment task response times as a function of stimulation
condition (none or active), sentence type (familiar motor metaphor, unfamiliar motor metaphor),
and their interaction as fixed effects. A maximal random effects structure was initially tested,
which was simplified until the model converged. This resulted in a final model with random

intercepts and for each participant and each item, which was run in R (package: Ime4) using the
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following code: Imer(logRT ~ 1 + StimulationType * DetTrialType + (1|Subject) + (1|Item)).
Both the subject and item intercepts were significant (p < .001). Overall, the fixed effects alone

explained 10.5% of variance in comprehension times (R,Znarginal = 0.105), while the fixed and

random effects combined explained 24.1% (RZ,,gitionas = 0-241).

There was a main effect of sentence type, F(1, 45) = 27.47, p < .001, R} ginar =
0.095, no main effect of stimulation condition, F(1, 60) = 2.83, p = .097, R,Znargm, = 0.01, and
a Stimulation Condition X Sentence Type interaction, F(4, 1850) = 2.49, p =.041, R}, ginai =

0.09. To avoid redundancy with the previous analysis, the main effect of sentence type was not
followed up.

| hypothesized that the difference between no stimulation and active stimulation response
times would be greater in unfamiliar than familiar metaphors. As such, planned comparisons
were conducted to test the simple effect of stimulation condition in unfamiliar metaphors and in
familiar metaphors. Results indicated that response times in the active stimulation condition were
significantly faster than those in the no stimulation condition for unfamiliar metaphors, F(1, 359)

=3.90, p =.049, but not for familiar metaphors, F(1, 45) = 1.74, p = .188.
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IV. DISCUSSION

Two major hypotheses were tested in this study. First, | predicted that neurostimulation
(anodal tDCS) would differentially facilitate (speed up) response times as a function of sentence
type. Specifically, neurostimulation was expected to facilitate processing of motor literal and
motor metaphor sentences, but not literal non-motor or nonsense sentences. Second, | predicted
that the facilitatory impact of neurostimulation would differ as a function of metaphor
familiarity, with unfamiliar metaphors experiencing greater facilitation than familiar metaphors.

Both hypotheses were supported. The results support two conclusions. First, motor
simulation is engaged when processing literal and figurative uses of motor words. Second, motor
simulation is differentially engaged as a function of metaphor familiarity: relative to the no
stimulation condition, facilitation was found for unfamiliar metaphors but not for familiar
metaphors. In other words, the importance of motor simulation is greater for low- than for high-
familiarity metaphors. This matches the hypothesis put forth by Desai et al. (2011), who
proposed that detailed sensorimotor simulations are engaged for highly unfamiliar motor
metaphors, with these simulations gradually becoming less detailed as metaphor familiarity
increases.

These results have both methodological and conceptual implications. A major
methodological implication concerns the use of tDCS to assess the involvement of motor
simulation in language processing. In this study, tDCS neurostimulation facilitated processing of
motor literal sentences like the referee tossed the coin, replicating effects found in prior fMRI
studies in which neural activity indicative of motor simulation was observed in response to
written descriptions of motor actions (e.g., Hauk et al., 2004). In addition, tDCS

neurostimulation did not elicit facilitation for sentences with no coherent motor content
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(nonmotor literal and nonsense sentences). These results suggest that tDCS can be used in future
experiments that aim to assess how modulation of motor cortical activity this modulation on
language processing.

Beyond methodological implications, it is important to consider how this study informs
our understanding of metaphor processing and embodied cognition. | will first address the
implications for our understanding of metaphor processing, beginning with motor metaphors in
particular. The results of this study indicate that embodied cognitive processes based in the
motor cortex play an important role in processing of both literal and figurative uses of action
words. This suggests that the literal meaning of the motor words is accessed during processing of
motor metaphors in a manner that facilitates comprehension of the expression’s figurative
meaning rather than competing with the figurative meaning. This supports the idea that the
figurative meanings of motor metaphors are grounded in, and derived from, the literal meanings
(Reilly et al., 2019).

Because the results indicate that an embodied processing pathway (motor simulation)
contributes to motor metaphor comprehension, existing models of metaphor comprehension may
need to be revised to describe such a pathway. In particular, models of metaphor comprehension
should seek to make testable predictions about the precise role of an embodied pathway in
metaphor comprehension. For instance, is this pathway relevant only to metaphors with explicit
sensory or motor source domains, or is it also active when processing other types of figurative
language? Aside from explicit sensory/motor metaphors, some emotion-conveying figurative
expressions that appear to indirectly reference bodily sensations (e.g., my blood is boiling) may
engage embodied processing pathways. In addition, if embodied pathways are used when

processing some types of metaphoric expression, it is important to understand how these
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pathways interact with non-embodied processing pathways, and how this relationship changes
with shifts in metaphor familiarity.

Although current models of metaphor processing lack any description of embodied
cognitive processes contributing to metaphor comprehension, they are not necessarily
incompatible with the results of the present study. The Career of Metaphor (COM) model
(Bowdle & Gentner, 2005), in particular, parallels the results of the present study in an
interesting way. In the Career of Metaphor model, highly conventional metaphors are understood
through automatic processes, whereas metaphors below this conventionality threshold threshold
rely on effortful, controlled comprehension processes (though not the same as familiarity,
conventionality is a closely related measure: for a discussion, see Damerall & Kellogg, 2016).
This shift from controlled to automatic processing mirrors the shift from embodied to
nonembodied (or more-embodied to less-embodied) processing proposed by Desai et al. (2011)
and supported by the results of the present study. As such, the COM model could easily be
revised to account for embodied cognitive processes in metaphor comprehension. Such a
revision could describe unfamiliar metaphor comprehension as relying on a diverse range of
processes that may include both embodied and nonembodied cognitive processes, depending on
the type of metaphor encountered. By contrast, comprehension of highly familiar metaphors may
rely on a less diverse set of processes, with all highly familiar metaphors being processed via
nonembodied automatic processes regardless of whether the metaphor contains motor words.

The comparison to the COM model also presents a conceptual question regarding the
nature of the familiarity-moderated shift from more-embodied to less-embodied processing of
motor metaphors. One possibility is that there is a continuous relationship between metaphor

familiarity and embodied cognition. In this view, processing of sensorimotor metaphors may
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involve detailed embodied simulations that engage primary neural motor or sensory areas, with
these simulations gradually becoming less detailed and engaging only secondary motor or
sensory areas as metaphors become more familiar. Desai et al. (2011) claimed empirical support
for such a continuous relationship based on their observation that unfamiliar metaphors activated
both primary and secondary neural motor regions, whereas more familiar metaphors activated
only secondary neural motor regions. A second possibility is that there is a discrete relationship
in which unfamiliar sensorimotor metaphors engage embodied simulation whereas familiar
sensorimotor metaphors do not. This possibility is not entirely incompatible with the continuous
relationship proposed by Desai et al. (2011; 2013). It is possible that the relationship proposed
by Desai et al. holds true for metaphors below a certain familiarity threshold, but that metaphors
above this threshold, representing the highest-familiarity metaphors, are processed without the
involvement of any embodied simulation. This hybrid discrete/continuous model parallels the
COM model, which specifies both a continuous relationship (within less familiar metaphors) and
a discrete relationship (between less familiar and highly familiar metaphors) between
conventionality and processing automaticity.

It is also worth considering whether the “shift” from embodied to nonembodied processes
refers to a categorical switch between the two types of processing. One possibility is that the
“shift” is indeed a categorical switch from one type of processing to anther — that comprehension
of any given motor metaphor activates either exclusively embodied or exclusively nonembodied
cognitive processes depending on the metaphor’s familiarity. However, another possibility is that
both embodied and nonembodied processes operate in parallel for all motor metaphors. If
embodied and nonembodied processes operate in parallel, the familiarity of a motor metaphor

would determine not the type of processing used for comprehension, but rather which type of
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processing (embodied or nonembodied) is able to access the meaning first. In this kind of “horse
race” model (e.g., Paap & Noel, 1991), embodied cognitive processes win the race when motor
metaphors are unfamiliar, whereas nonembodied processes win the race when motor metaphors
are familiar. In this account, the threshold at which processing “shifts” from embodied to
nonembodied cognitive processes is better understood as the threshold at which nonembodied
processes begin to win the horse race (access the meaning first) against embodied processes.

Future research could differentiate among these possibilities by presenting sensorimotor
metaphors that span a wider range of familiarity, including metaphors at the very highest end of
the familiarity spectrum (which were not presented by Desai et al., 2011). Including a wider
range of familiarity would allow greater granularity in determining the familiarity threshold at
which motor stimulation no longer facilitates motor metaphor processing. In addition, future
studies could probe the opposite extreme of familiarity by examining whether processing novel
sensorimotor metaphors leads to the strongest activation of neural sensory/motor areas. Novel
sensorimotor metaphors could be created based on existing metaphoric mappings. For instance, a
novel metaphor like he put his hands around the idea could be constructed based on the mapping
UNDERSTANDING IS PHYSICAL HOLDING, which also underlies the more familiar
metaphor he grasped the idea.

A more speculative metaphor-related implication is that if embodied cognitive processes
are involved in processing certain metaphors, this could contribute to our subjective impression
of metaphoric expression. Metaphoric expression, particularly metaphoric expression of
emotions, is subjectively experienced as more vivid and evocative than literal expression
(Ortony, 1975; Ortony & Fainsilber, 1987). Metaphor familiarity plays a role in this effect:

individuals produce more novel metaphors when describing intense emotions than mild
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emotions, and also produce more novel metaphors when describing their own emotions relative
to the emotions of others (Williams-Whitney et al., 1992). Embodied cognitive processes like
sensorimotor simulation could help explain why we find some metaphors particularly vivid, or
why we reach for metaphoric expressions rather than literal ones. For instance, we might more
vividly relate to a friend’s breakthrough if they say I think I've finally grasped the idea! than if
they say I think I'’ve finally understood the idea! Perhaps this is because the first expression
causes us to mentally simulate the physical act of grasping, which vividly evokes the feeling of
attainment we experience upon finally understanding a difficult concept.

This study’s results may also hold implications for embodied cognition. The mappings
that underlie sensory and motor metaphors — like the mapping between physical holding and
understanding — are examples of potential pathways between embodied experiences and abstract
concepts. The finding that motor simulation plays a role in processing motor metaphors
demonstrates this pathway in action. Because such pathways could theoretically be used to
explain a broader range of abstract cognition, this is of interest to models that aim to explain

abstract cognition as grounded in embodied cognitive processes (e.g., Casasanto 2008; 2009).

Another potential implication for embodied cognition relates to the apparent shift in the
importance of embodied cognitive processes as metaphor familiarity changed. Specifically,
stimulating the motor cortex significantly facilitated comprehension of unfamiliar but not
familiar metaphors. Although familiar metaphors appear to be processed faster in the stimulation
condition relative to the no stimulation condition, this was not a statistically reliable difference.
This pattern of results suggests that sensorimotor simulations plays a larger role in unfamiliar
metaphor processing. Given this apparent weakening or extinction of the embodied processing

pathway as familiarity increases, an intriguing possibility is that this effect is not specific to
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motor metaphors. It is possible that many abstract concepts are initially learned and accessed
through embodied pathways that link the concept to a concrete experiential domain. As the
concept becomes more familiar, (potentially more efficient) non-embodied pathways are
gradually built to allow direct access to the concept, weakening and eventually extinguishing the
embodied pathways.

The results of this study support several ideas and methodological directions for future
research. First, the results indicated that sensorimotor simulation plays a larger role in the
processing of unfamiliar metaphors than familiar metaphors. However, a remaining question is
whether the shift is gradual (more detailed to less detailed simulations as familiarity increases, as
proposed by Desai et al., 2011) or categorical, with no engagement of motor simulation above a
certain familiarity threshold (mirroring the shift from controlled to automatic processes as
familiarity increases proposed by Bowdle & Gentner, 2005). To better understand whether
familiarity functions as a continuous or categorical mediator, future work should manipulate
familiarity as a continuous variable. This can be done by adding moderately-familiar metaphors
to the set of stimuli.

In addition, future work using the tDCS methodology should consider using a “sham
stimulation” condition as the control condition. In the “sham stimulation” condition, the
participant have the tDCS electrodes attached exactly as done in the active stimulation condition,
but the electrodes will either transmit no current or a much weaker current that does not
influence cognitive activity. As a comparison condition, the benefit of a sham condition is that
any expectancy effects induced by the mere presence of the tDCS electrodes are equalized
between the two conditions, ensuring that any differences between conditions are attributable

only to tDCS neuromodulation.
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Finally, it is important to acknowledge that aside from the factors assessed in this study,
word-level characteristics like word frequency also play a role in the way a figurative or literal
expression is processed. In the present study, a majority of the stimuli presented were drawn
from the normed stimuli used by Desai et al. (2011). These stimuli were not matched for word
frequency across conditions (i.e., the average word frequency of literal motor and literal
nonmotor stimuli were not necessarily equivalent). Because the present study aims to compare
how stimuli are processed with and without motor cortical stimulation, differences in average

word frequency across the different types of stimuli are not a major concern.

In the present study, | found that stimulating the motor cortex facilitated processing of
both literal and figurative uses of motor action words. In figurative motor expressions, this
facilitation was moderated by the expression’s familiarity: unfamiliar expressions saw greater
facilitation than familiar expressions. Taken together with the results of previous studies (e.g.,
Desai et al., 2011; Reilly et al., 2019), these results suggest that embodied simulation of motor
actions is part of the comprehension process for motor metaphors, particularly when the
metaphor is unfamiliar. These results also suggest that the figurative meanings of motor words
are grounded in the literal meaning not just etymologically, but actively during processing, such
that simulating the literal meaning facilitates access to the literal meaning. Motor metaphors like
grab your chance or grasp the idea are ubiquitous, and the results of this study contribute a more
complete understanding of how we process these commonly-used but rarely-studied expressions.
In addition, the results of this study may inform how literal and figurative meanings of action

words are modeled in artificial intelligence and natural language processing applications.
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Appendix A

Tables and Figures

TABLE I
SUMMARY OF PARTICIPANT DEMOGRAPHIC CHARACTERISTICS

Gender (%0)
Female 65.45%
Male 34.55%
Age
Mean 18.78
SD 141
Bilingual/Multilingual? (%)
“No” 21.82%
“Alittle” 1.27%
“Somewhat” 14.55%
“Yes” 56.36%
Vocabulary Score
No Stimulation Mean %09
SD 2.07
Active Stimulation Mean %20
SD 2.23
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TABLE Il
SENTENCE STIMULI

Category Subcategory Action Word Sentence Famllla(;l_t;/)Ratlng

The agency halted the funding
The army supported the plan
The church altered the rules
The company discharged the employee
The music stimulated the fancy
The taxes distressed the poor

Nonmotor A The aroma excited the senses
The court rejected the evidence
The leadership supported the scheme
The opposition ended the support
The rent distressed the tenants
. The report distorted the facts
Literal Bent The worker bent the pipe N/A
Pulled The guard pulled the lever
Pushed The secretary pushed the button
Squeezed The baker squeezed the tube
Tickled The nurse tickled the baby
Tossed The referee tossed the coin
Motor .
Cut The kid cut the paper
Grasped The daughter grasped the flowers
Pinched The doctor pinched the skin
Shook The man shook the drink
Stirred The chemist stirred the mixture
Twisted The electrician twisted the cable
Tickled The aroma tickled the senses 6.038
Tossed The court tossed the evidence 5.962
High Bent The report bent the facts 5.926
Familiarity Pulled The agency pulled the funding 5.63
Pushed The army pushed the plan 5.56
Metaphor Squeezed The taxes squeezed the poor 4.926
Tickled The music tickled the fancy 3.821
Tossed The company tossed the employee 3.893
Low Bent The church bent the rules 4.393
Familiarity Pulled The opposition pulled the support 4.036
Pushed The leadership pushed the scheme 4.214

Squeezed The rent squeezed the tenant 4.179
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Familiarity Rating

Category  Subcategory Word Sentence (1-7)
The worker browsed the ball
The driver read the rope
The officer learned the lid
The Method dreaded the wall
The scheme proved the bolt
The skill summarized the coin
Nonmotor NIA The violence increased the potato
the cat altered the fairness
The collection upset the banana
The empathy approved the tortilla
The box exploited the train
Nonsense The note changed the boulder
Punched The student punched the need
Tickled The tabloid tickled the prices
Grabbed The hospital grabbed the dissent
Twisted The recession twisted the couch
Gripped The media gripped the laziness
Motor Caught The attendant caught the gain
Grasped The belief grasped the bottle
Threw The classroom threw the pots
Squeezed The crime squeezed the adventure
Pushed The smell pushed the building
Seized The book seized the pencil
Tossed The concept tossed the mosquito




52

Figure I. Anticipated Results — Sensibility task judgment times as a function of stimulation
condition and stimulus group. Compared to sham stimulation, response times under anodal tDCS
stimulation are expected to be faster for motor literal and motor metaphor sentences, but not for

nonmotor literal sentences or nonsense sentences.
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Figure 1. Anticipated Results — Sensibility task judgment times as a function of stimulation
condition and motor metaphor familiarity. The facilitatory effect of anodal tDCS stimulation is expected
to increase as familiarity decreases. Hence, the difference between no stimulation and active stimulation

is expected to be relatively small for highly familiar metaphors and relatively large for low-familiarity

metaphors.
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Figure 11I. Sensibility task judgment times (with standard errors) as a function of stimulation
condition and stimulus group. Compared to no stimulation, response times under anodal tDCS
stimulation were significantly faster for motor metaphor and motor literal sentences, but not for

nonmotor literal sentences or nonsense sentences.
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Figure 1V. Sensibility task judgment times (with standard errors) as a function of stimulation
condition and motor metaphor familiarity. Compared to no stimulation, response times under anodal
tDCS stimulation were significantly faster for low-familiarity motor metaphors, but not for high-

familiarity motor metaphors
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Appendix B

UIC Vocabulary Quiz and Lanquage History Questionnaire

Vocabulary Test (Version 6/09/2004)

Subject

Directions: Choose the BEST definition for each word.

1. ASCEND

A. to go up or mount
B. consent

C. improve with time
D. to leave behind

E. to replace a leader

2. WARY

. tired out

. rude; uncouth

. perturbed

. brand-new

. cautious; careful

mooOw>)»

INFINITESIMAL
. very long

. very slow

. well defined

. uncompromising

. very small

INDIFFERENT
. similar
. unconcerned
. diffident
. solicitous
. opposite

mMoOwm>»> MOOWPW

VERBOSE
slow

. impressive

. complicated
. wordy

. meaningless

OPAQUE

. transparent

. slippery

. impenetrable by light
. gem-like

. financially well-off

SYNTHESIS

. musical rendition of a written work

. a theory of immoral behavior

. the combination of parts to form a whole
. watching or guarding

. properties of artificial chemicals

SPONTANEITY

. unwanted laughter

. uncontrollable danger
. unplanned action

. unneeded socialism

OOW>»® MUOWP»N MUOWmP>S MUOmPB>T

E. stand-up attitude

9. VALIDATE

A. to prove

B. to get paid back

C. to expire

D. to run away

E. to complete successfully

10. MEAGER
A. not full, inadequate
B. to beg

C. without self-respect
D. in good shape, healthy
E. wise, full of advice

11. ECLECTIC

A. providential

B. of religious origins
C. purified

D. out of fashion

E. from various sources

12. IMPLAUSIBLE

A. could happen at any moment
B. not believable

C. unyielding

D. considered tactless

E. to serve or worship

13. INCONTROVERTIBLE
A. useless

B. prone to trouble making

C. indisputable

D. successful

E. unprotected

14. DISPERSE

A. to seize one’s assets

B. to live in exile

C. to break up and scatter
D. to weaken connections
E. to make vacant

15. AUTONOMOUS
A. unknown identity

B. having many names
C. uncontrollable

D. independent existence
E. self-confidence
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Language History Questionnaire

Subject # (Version 12-12-2001)
Sex Age What country were you born in?
Years living in U.S. Years in U.S. Schools

(1) What is the FIRST language you spoke? If your parents spoke two languages to you, list BOTH
languages.

(2) List from MOST fluent to LEAST fluent all of the languages that you know (write on the back of
this page if you need more space). Note that the language you learned first is not necessarily the
language you now know best. Specify the age at which you began to learn the language (if it is your
native language you should specify age as “birth””) and where you learned it (e.g., school, home, church).

Langquage Age learned Location learned

Most fluent

Least fluent

(3) Answer the following questions. Complete only those questions that apply to you.

At what age did you begin speaking English?

At what age did you begin reading English?

At what age did you begin speaking your most fluent language OTHER THAN English?
At what age did you begin reading your most fluent language OTHER THAN English?

(4) Complete the following ratings. If you think you are more proficient in either English or your
OTHER language, your ratings should reflect this difference. Answer only those questions that apply to
you.

NOT fluent VERY fluent

For ENGLISH:

How fluent are you in speaking? 1 2 3 4 5 6 7 8 9 10

How fluent are you in understanding? 1 2 3 4 5 6 7 8 9 10

How fluent are you in reading? 1 2 3 4 5 6 7 8 9 10

For your most fluent language OTHER THAN English:

How fluent are you in speaking? 1 2 3 4 5 6 7 8 9 10

How fluent are you in understanding? 1 2 3 4 5 6 7 8 9 10

How fluent are you in reading? 1 2 3 4 5 6 7 8 9 10



Appendix C

TDCS Screening Questionnaire and Comfort Rating Form

tDCS Screening Questionnaire

It is important that you answer all of the following questions truthfully. If any of the
guestions/terms on this form are unclear, or if you are unsure how to answer them, please

do not hesitate to ask the researcher of the study.
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Yes

No

Have you ever had a seizure?

Have you ever had a head injury resulting in a loss of consciousness that has required
further investigation (including neurosurgery)?

Do you suffer from migraines?

Do you currently have a medical diagnosis of a neurological condition?

Do you have any metal in your head (outside of the mouth) such as shrapnel or surgical
clips?

Do you have any implanted devices (e.g. cardiac pacemaker, brain stimulator)?

Do you have a skin condition on your scalp that may have resulted in cuts or abrasions?
(e.g. psoriasis)

Do you have a head wound that has not completely healed?

Have you ever had an adverse reaction to tDCS, or any other brain stimulation technique
(e.g. TMS, tRNS)?




59

ID# Date

tDCS Comfort Rating

Which number best describes how comfortable you are with 1 being very comfortable and 10 being
extremely uncomfortable? (Circle participant’s response)

Time Point Time

Which number best describes how comfortable you are with 1 being very comfortable and 10 being
extremely uncomfortable? (Circle participant’s response)

Time Point Time

Which number best describes how comfortable you are with 1 being very comfortable and 10 being
extremely uncomfortable? (Circle participant’s response)

1 2 3 4 5 6 7 8 9 10

Time Point Time

Which number best describes how comfortable you are with 1 being very comfortable and 10 being
extremely uncomfortable? (Circle participant’s response)

1 2 3 4 5 6 7 8 9 10

Time Point Time




Appendix D

Edinburgh Handedness Questionnaire

Please indicate your preferences in the use of hands in the following activities by
putting + in the appropriate column. Where the preference is so strong that you would
never try to use the other hand unless absolutely forces to, put ++. If any case you are
really indifferent put + in both columns.

Some of the activities require both hands. In these cases the part of the task, or
object, for which hand preference is wanted is indicated in brackets.

Please try to answer all the questions, and only leave a blank if you have no
experience at all of the object or task.
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Left Right

-

. Writing

N

. Drawing

w

. Throwing

SN

. Scissors

(62}

. Toothbrush

()]

. Knife (without fork)

7. Spoon

oo

. Broom (upper hand)

©

. Striking Match (match)

10. Opening box (lid)

i. Which foot do you prefer to kick with?

ii. Which eye do you use when using only one?
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