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Semantic memory contains knowledge of the meaning of objects, concepts, and 

words. Sensorimotor theories of semantic memory suggest that perceptual and/or motor 

features of concepts are distributed across brain regions responsible for processing 

those features. Embodied cognition, a framework for understanding sensorimotor 

representations, proposes that concepts are grounded in one’s interaction with the 

world. For example, motor features of the concept “write” are instantiated in the motor 

cortex by observing or enacting the task of writing, and this motor representation is 

linked to language areas that store the lexical-semantic representation of “write”. This 

suggests a functional interaction between language and motor systems for concepts 

involving human motor action (i.e., semantic-motor representations). This interaction is 

well-documented in the literature, but to our knowledge, no studies have investigated 

the effect of semantic-motor representations on continuous, concurrent language and 

motor production. Additionally, the reciprocality of these effects has not been 

investigated in sequential paradigms in which there is no overlap in task production. 
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The purpose of our study was to determine the effects of shared semantic-motor 

representations on concurrent and sequential language and motor production. 

Forty healthy adults, age 18-22 years, participated in three experiments comparing the 

effects of motor-related (MR) words (e.g., write) and visually-related (VR) words (e.g., 

bloom) on language and motor production. Experiment 1 investigated the effect of 

concurrent, continuous language and motor production during a generative naming and 

finger-tapping task under two semantic conditions. Experiment 2 investigated the effect 

of MR and VR word production on pointing to a target. Experiment 3 investigated the 

effect of finger-tapping on MR and VR word production. 

Experiment 1 demonstrated that dual task tapping and word production facilitated 

performance in the motor-related semantic condition. Experiment 2 demonstrated that 

MR words interfered with pointing to a target at a short delay and facilitated pointing at a 

longer delay. Experiment 3 demonstrated that a tapping interfered with MR word 

production at a short delay and facilitated MR word production at a longer delay. These 

results suggest reciprocal activation of language and motor systems, providing support 

for sensorimotor theories and more generally for embodied cognition. 
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CHAPTER 1 
INTRODUCTION 

Semantic memory contains knowledge of the meaning of objects, concepts, and 

words. It is where our knowledge about the world is stored and allows us to express and 

comprehend communication, as well as use objects in our environment to perform daily 

tasks (Hart, et al., 2007). Because semantic memory is an integral part of daily life, the 

study of semantic representation has long been a part of cognitive-linguistic research. 

While much of this research has been dedicated to understanding the contribution of the 

perceptual system (e.g., visual features) to semantic representation, there is increasing 

interest in contributions of the motor system. In part, the motivation for this line of 

research arises from a long-standing debate over how semantic representations are 

processed and stored in the brain. One class of theories suggests that semantic 

memory consists of abstract propositional representations that are mediated by central 

brain regions (i.e., amodal theories). Another class of theories suggests that object 

knowledge is comprised of perceptual and/or motor features distributed across 

modality-specific brain regions (i.e., sensorimotor theories). 

Embodied cognition is an emerging framework for understanding sensorimotor 

representations in the human brain. Theories of embodied cognition propose that 

concepts are grounded in one’s interaction with the world. For example, an embodied 

approach to concept representation holds that a word such as “write” has features 

instantiated in the motor cortex as a result of the experience of observing or enacting 

the use of the hand to manipulate an implement during the process of writing. This 

motor representation is linked to language areas that store the lexical-semantic 

representation of “write”. This suggests there is a functional interaction between 
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language and motor systems for concepts involving human motor action (i.e., semantic-

motor representations). A vast amount of evidence from neurophysiological and 

neuropsychological studies supports sensorimotor theories of semantic representation, 

as well as theories of embodied cognition. And while many of these studies have 

demonstrated involvement of the motor cortex in semantic representation, research into 

how semantic-motor representations affect motor and language production remains 

limited in scope. That is, much of the research focuses on activation of brain regions in 

response to perception or production of motor-related words and sentences with less 

attention to the nature of the interaction between language and motor systems during 

behavioral production tasks. To our knowledge, the effects of semantic-motor 

representations on continuous language and motor production tasks performed 

simultaneously have not been investigated. Additionally, the reciprocality of these 

effects has not been investigated in sequential paradigms in which there is no overlap in 

task production. Thus, the purpose of our study was to determine the reciprocal effects 

of shared semantic-motor representations on concurrent and sequential language and 

motor production in healthy young adults. 

Overview 

The remainder of this chapter provides a review and analysis of the literature 

related to theories of semantic representation, as well as evidence for functional 

interaction of language and motor systems. The notion of reciprocal activation of 

language and motor systems is introduced leading into the purpose of the study and 

related predictions. Chapter 2 provides a description of the stimuli standardization for 

our study. Chapter 3 provides information on the individuals who participated in our 

study. Chapters 4-6 outline the methods and results, and provide an interim discussion 
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of the findings, for Experiments 1-3, respectively. Finally, Chapter 7 provides a general 

discussion of the findings, highlights implications of the results, and proposes 

considerations for future research. 

Review of the Literature 

Theories of Semantic Representation 

There exists a longstanding debate about the nature of semantic memory with 

respect to the structure of semantic representations and their interdependence on 

sensorimotor brain regions (Gainotti, 2006). The relationship between sensorimotor 

processes and language is the primary focus of our study. As such, arguments about 

the relationship between concepts and words, and theories regarding the role of words 

in creating a conceptual repertoire, are beyond the scope of the current study and the 

empirical studies reviewed in this chapter. Thus, we use the term semantic 

representation to denote the mental representations underlying both concepts and 

words. 

Currently, two broad classes of theories about semantic representation 

predominate. One theory holds that semantic representations are amodal (Coccia, 

Bartolini, Luzzi, Provinciali, & Lambon Ralph, 2004). Amodal theories hold that concepts 

are represented as abstract propositional representations whose storage is not critically 

dependent upon sensory regions involved in perception (e.g., one’s knowledge of a dog 

does not necessarily demand access to visual cortices). Perhaps the most prominent 

amodal theory has proposed that semantic knowledge organized in a central “hub” 

located in the anterior temporal pole (Patterson, Nestor, & Rogers, 2007; Rogers, 

Hocking, et al., 2006). These authors suggest that the anterior temporal lobe is 

responsible for similarity relations between all categories of knowledge. Another theory 
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by Damasio and colleagues suggests that the anterior temporal lobe is a “convergence 

zone” critical for processing unique entities (H. Damasio, Grabowski, Tranel, Hichwa, & 

Damasio, 1996). According to amodal theories, activation of semantic representations 

during cognitive tasks is not dependent on the storage and retrieval of all attributes, 

facts and propositions related to the concept. Rather, it is only necessary that the 

information relevant to the task at hand be available for the required response (Rogers, 

et al., 2004). As such, in a picture-naming task the visual attributes, not attributes 

associated with other modalities (e.g., auditory attributes), would be integrated with 

abstract knowledge for successful naming. 

Evidence in support of amodal theories is derived from computation models 

(Rogers, et al., 2004), as well as neuropsychological profiles associated with 

Alzheimer’s disease and semantic dementia (Coccia, et al., 2004; Patterson, et al., 

2006; Rogers, Hocking, et al., 2006; Rogers, Ivanoiu, Patterson, & Hodges, 2006). 

However, a number of arguments have been raised against the existence of abstract 

representations of object knowledge in the brain. One of the strongest arguments 

against amodal theories is the finding that perception and action interact with cognition 

(Barsalou, 2008; Barsalou, Simmons, Barbey, & Wilson, 2003). An alternative class of 

theories, referred to as nonpropositional sensorimotor theories seek to account for this 

interaction. 

Sensorimotor theories hold that semantic representations are stored according to 

their sensorimotor features. That is, the sensory and motor features of concepts are 

stored in modality-specific regions distributed across the brain. For example, when you 

see the word “dog”, it activates a distributed semantic representation rich with 
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information about how a dog smells (olfactory), the sound of its bark (auditory), common 

physical attributes (visual), how it may act in particular situations (predictive) and factual 

knowledge (semantic), as well as personal feelings about dogs (affective). Critically, 

fully distributed views of semantic memory hold that the brain represents object 

knowledge through co-activation of many such distributed features without the inherent 

need for a central organizing region. The following sections review evidence from 

neurophysiological and neuropsychological studies supporting nonpropositional 

sensorimotor theories. 

Evidence for Sensorimotor Theories- Perceptual Representation 

Investigations of various features related to objects (nouns) and actions (verbs) 

have contributed a great deal to the understanding of the distribution of sensorimotor 

features across cortex. For example, visual features of objects (i.e., shape, color, and 

motion) are represented in distinct cortical regions. Several studies on the generation of 

words associated with color have shown activation in the mid-fusiform gyrus, a region 

associated with the perception of size and color (Kellenbach, Brett, & Patterson, 2001; 

Martin, Haxby, Lalonde, Wiggs, & Ungerleider, 1995; Simmons, et al., 2007). Visual 

motion also has distinct cortical representation as evidenced by activation of the left 

ventral premotor cortex and middle temporal gyrus (area MT+/V5) during observation 

and naming of tools and other motion-related words (Beauchamp, Lee, Haxby, & Martin, 

2002, 2003; Chao, Haxby, & Martin, 1999; Chao & Martin, 2000; H. Damasio, et al., 

2001; Grafton, Fadiga, Arbib, & Rizzolatti, 1997; Kable, Lease-Spellmeyer, & 

Chatterjee, 2002; Martin, et al., 1995; Perani, et al., 1995; Tyler, et al., 2003). Activation 

in these regions is presumed to reflect the retrieval of action knowledge related to 

objects associated with motion and manipulation. 
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In addition to visual features, other perceptual features of objects, such as taste, 

smell, and sound appear to have distinct cortical representation. For example, it has 

been demonstrated that gustatory processing areas are not only active when food is 

consumed but also when pictures of appetizing food are presented, suggesting that 

gustatory processing occurs in modality-specific cortical regions (Simmons, Martin, & 

Barsalou, 2005). Activation of the primary olfactory cortex, responsible for odor 

perception, has been demonstrated in studies of odor imagery (Bensafi, Sobel, & Khan, 

2007; Djordjevic, Zatorre, Petrides, Boyle, & Jones-Gotman, 2005) and processing of 

linguistic odor-related stimuli (Gonzalez, et al., 2006). Activation of left posterior superior 

temporal gyrus and adjacent parietal cortex has been associated with making 

judgments of sounds related to picture stimuli, suggesting that visual stimuli may recruit 

modality-specific regions for auditory processing (Kellenbach, et al., 2001). 

Evidence for Sensorimotor Theories- Motor Representation 

Increasing interest in semantic-motor concept representation has yielded a large 

body of evidence from neurophysiological investigations of action verbs (i.e., actions or 

events). This evidence is supported by neuropsychological studies of individuals with 

focal brain damage. The next two sections review converging evidence from perception 

and production studies demonstrating that semantic-motor concepts are at least 

partially represented in motor cortices. 

Neurophysiological evidence from perception studies 

A line of research that provides tremendous support for the existence of semantic-

motor representations is the work of Pulvermuller and colleagues investigating the 

cortical representation of action words. Results of two electroencephalogram (EEG) 

studies suggest that lexical decision for arm-, leg-, and face-related verbs results in 
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somatotopic activation of corresponding regions along the motor strip at approximately 

250 milliseconds (ms) after word onset (Hauk & Pulvermuller, 2004; Pulvermuller, Harle, 

& Hummel, 2001). A subsequent magnetoencephalography (MEG) study also 

demonstrated activation of somatotopic representations in response to acoustic stimuli 

(Pulvermuller, Shtyrov, & Ilmoniemi, 2005). Similarly, functional magnetic resonance 

imaging (fMRI) studies have shown that semantic judgments about hitting (e.g., knock, 

pound, strike) and cutting (e.g., slash, mince, slice) verbs activate the arm and hand 

areas of the primary motor cortex, respectively (Kemmerer, Castillo, Talavage, 

Patterson, & Wiley, 2008). Other studies have extended this research beyond the 

category of verbs to investigate semantic representation in other grammatical classes. 

In an event-related potential (ERP) study comparing lexical decision for action nouns 

and visual nouns with action verbs in the German language, Pulvermuller and 

colleagues showed that visual nouns and action nouns differed topographically, while 

action nouns and verbs demonstrated a similar topography (Pulvermuller, Mohr, & 

Schleichert, 1999). Similarly, Vigliocco and colleagues used positron emission 

tomography (PET) to show that processing of motor-related words activated left 

precentral gyrus, while processing of visual words activated left inferior temporal and 

inferior frontal regions (Vigliocco, et al., 2006). These results suggest that cortical 

activation from conceptual processing is related to the sensorimotor features of a word 

(and the degree to which the word is sensory or motor-related). 

Neurophysiological evidence from production studies  

A number of studies have also investigated semantic-motor representation in 

motor cortices using word production paradigms. Hauk and colleagues demonstrated 

activation of primary motor cortex for production of action words related to the arms and 
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legs, as well as activation of premotor cortex for words related to the arms and face, 

providing support for somatotopic organization of motor-related words (Hauk, 

Johnsrude, & Pulvermuller, 2004). Additionally, fMRI has been utilized to investigate 

activation of motor areas during generative naming tasks. Vitali and colleagues 

demonstrated activation in inferior prefrontal and premotor cortex during covert 

production of tools relative to animals in a word fluency paradigm (Vitali, et al., 2005). 

Recently, Esopenko and colleagues demonstrated a similar pattern of activation in a 

noun-verb association task requiring overt production of verbs (Esopenko, Borowsky, 

Cummine, & Sarty, 2008). 

Several neurophysiological studies have also provided support for the importance 

of sensorimotor features, rather than grammatical class, in semantic representation. 

Oliveri and colleagues used TMS to demonstrate that left motor cortex was activated in 

a spoken word production task involving action-related nouns and verbs (Oliveri, et al., 

2004). A subsequent study by Saccumen and colleagues provided further evidence with 

fMRI results demonstrating activation of similar cortical networks during naming of 

manipulable objects and actions (Saccuman, et al., 2006). 

Together, these neurophysiological studies show that primary motor cortex and 

premotor cortex, which work together during planning and execution of actions, are 

active during covert semantic processing and overt generation of motor-related words. 

This modality-specific activation in motor cortices lends further support to sensorimotor 

theories of semantic representation. 

Neuropsychological evidence 

In addition to the evidence provided by neurophysiological studies, there is support 

for sensorimotor theories from neuropsychological studies of individuals with acquired 
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brain damage. Because stroke results in focal damage, the profile of cognitive-linguistic 

deficits associated with aphasia following circumscribed damage of left hemisphere, and 

the association with these deficits to corresponding brain regions, provide valuable 

insights into the organization of semantic representation. Perhaps the most convincing 

evidence in this respect comes from noun-verb dissociations and category-specific 

naming deficits. 

The cortical representation of nouns (i.e., objects) and verbs (i.e., actions or 

events) has long been investigated in studies that use aphasia classification and/or 

lesion localization to look at functional brain-behavior relationships. Early classification 

studies showed that individuals with nonfluent aphasia exhibit verb impairments, while 

individuals with fluent aphasia have intact verb processing (or the impairment is 

observed to a lesser degree than nouns). A number of studies confirm the finding of 

verb impairments in agrammatic Broca’s aphasia (Kim & Thompson, 2000; Miceli, 

Silveri, Villa, & Caramazza, 1984). Importantly, Arevalo and colleagues showed that 

verb naming in Broca’s aphasia was significantly more difficult than noun naming, but 

when the stimuli were categorized according to manipulability, performance was worse 

for manipulable objects (Arevalo, et al., 2007). This manipulability effect suggests that 

some verb naming deficits may be attributed to the sensorimotor component of words 

rather than grammatical class or noun-verb differences in semantic complexity. 

However, there is some evidence suggesting that individuals with fluent aphasia exhibit 

verb impairments (Berndt, Mitchum, Haendiges, & Sandson, 1997) but it has been 

demonstrated that the degree of production and comprehension impairment may be 

dependent on the task and stimuli (McCann & Edwards, 2002).  
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Lesion mapping studies have shown that damage to a number of regions can 

affect verb retrieval. Damasio and Tranel (1993) reported an individual with a lesion in 

the left premotor cortex who exhibited impaired verb production with relative 

preservation of noun processing. This finding was later supported by other studies 

demonstrating that left premotor/prefrontal/frontal cortex damage results in naming 

deficits worse for verbs than for nouns, while temporal lesions result in naming deficits 

that are worse for nouns than for verbs (Daniele, Giustolisi, Silveri, Colosimo, & 

Gainotti, 1994; Miozzo, Soardi, & Cappa, 1994; Shapiro & Caramazza, 2003; Tranel, 

Adolphs, Damasio, & Damasio, 2001; Tranel, Kemmerer, Adolphs, Damasio, & 

Damasio, 2003). However, studies have also shown contrasting results (Caramazza & 

Hillis, 1991; Shapiro, Shelton, & Caramazza, 2000). Thus, a clean dissociation between 

frontal versus temporal lobe damage and noun-verb dissociations has remained elusive. 

Category-specific deficits found in neuropsychological populations also provide 

evidence for storage of semantic features in anatomically distinct brain regions. This 

distinction is often made along the lines of living and nonliving entities. For example, 

damage to visual areas and motor areas may cause a deficit for recognition and naming 

of animals and tools, respectively (H. Damasio, et al., 1996). Presumably, these deficits 

result from the damage to regions that are dominant in the processing of objects within 

these categories. That is, the visual system is the dominant modality for processing 

animals and other biological natural kinds, whereas the motor system is the dominant 

modality for processing tools and other manufactured artifacts (Gainotti, Silveri, Daniele, 

& Giustolisi, 1995; Humphreys & Forde, 2001; Warrington & Shallice, 1984). 

Additionally, there is evidence that motion properties are further fractionated such that 
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biological motion is functionally segregated from mechanical motion (Martin, 2007). This 

suggests that sensorimotor experiences involving human motor action are differentiated 

from other sensorimotor experiences. 

Embodied Cognition 

A framework for understanding how sensorimotor features are instantiated in 

corresponding brain regions is provided by theories of embodied cognition. The notion 

of embodied cognition was first described by Allport (1985), who stated: 

The essential idea is that the same neural elements that are involved in 
coding the sensory attributes of a (possible unknown) object presented to 
eye or hand or ear also make up the elements of the auto-associated 
activity-patterns that represent familiar object-concepts in “semantic 
memory.” This model is, of course, in radical opposition to the view, 
apparently held by many psychologists, that “semantic memory” is 
represented in some abstract, modality-independent, “conceptual” domain 
remote from the mechanisms of perception and motor organization (p. 53). 

Thus, Allport proposed that conceptual knowledge was based sensory and motor 

modalities and that information in these modalities was processed in distinct ways. As 

such, the overarching theme across embodied cognition theories is that concepts are 

grounded in sensorimotor systems through one’s bodily interactions with the 

environment. However, there are varying degrees to which these theories implicate 

sensorimotor systems in semantic representation. For example, Gallese and Lakoff 

(2005) propose the extreme point of view that sensory-motor representations are at the 

core of all cognitive operations, and as such, the ability to recognize and understand the 

use of objects depends on one’s ability to produce the object’s associated action . A 

more moderate view proposed by Barsalou and colleagues is that individuals selectively 

attend to specific perceptual features (i.e., shape, color, sound, smell, movement, 

emotion) during real world interactions with objects, resulting in patterns of activation in 
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the sensorimotor cortex. These perceptual representations can later be partially 

reactivated during cognitive tasks through attention and memory integration (Barsalou, 

1999, 2008; Barsalou, et al., 2003). Others have suggested a similar theory in which the 

sensory-motor system is the basis for organization and representation of knowledge of 

actions and objects but motor production processes are not required for successful 

recognition and comprehension of objects and their use (Mahon & Caramazza, 2005; 

Martin, 2007; Martin & Chao, 2001). 

Functional Interaction of Language and Motor Systems 

The functional interaction between language and motor systems can be seen in 

neurophysiological as well as neuropsychological studies of perception, production, 

observation and imagery. The relationship between language and motor production 

tasks has, for the most part, been approached from the “language to motor” perspective 

(i.e., when a language task precedes a motor task), with a great deal of studies focusing 

on the effects of language perception on motor production. However, less is known 

about the effects of semantic-motor representations in language to motor tasks 

requiring overt language production. Relatively fewer studies have investigated the 

relationship between these two systems from a “motor to language” perspective, where 

a motor task precedes a language task. The available evidence related to effects of 

language processing on motor systems and motor processing on language systems are 

reviewed in turn. 

Language effects on the motor system 

Boulenger and colleagues (2006) used a behavioral paradigm to investigate the 

effects of verb processing on a reaching task. They found interference during the first 

160-180 ms after word onset when the language and motor tasks were concurrent and 
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facilitation when the word appeared before the reaching task (Boulenger, et al., 2006). A 

later study involving EEG and kinematic analysis demonstrated that when action verbs 

were displayed too quickly to be consciously perceived during movement preparation it 

interfered with the subsequent reaching movement (Boulenger, et al., 2008). These 

results provide further evidence that brain regions active during motor planning and 

execution are also active during language processing. 

Pulvermuller and colleagues used transcranial magnetic stimulation (TMS) to 

investigate the nature of semantic-motor representations during lexical decision tasks. 

TMS applied somatotopically to the left motor cortex 150 ms after word onset resulted in 

faster reaction times on a button press task for words related to the stimulated region 

than words unrelated to the stimulated region (Pulvermuller, Hauk, Nikulin, & Ilmoniemi, 

2005). A similar result was obtained in a TMS study demonstrating that hand motor 

cortex excitability was modulated by spoken production of action-related nouns and 

verbs relative to non-action words (Oliveri, et al., 2004). With respect to effects of 

language on motor production across grammatical boundaries, Oliveri et al’s results 

confirm findings in a study demonstrating that production of concrete motor-related 

nouns interfered with motor production tasks (Morsella, 2002). 

Collectively, these studies provide evidence for language effects on the motor 

system, suggesting that areas responsible for motor production are involved in 

language processing. Moreover, they show that these effects can be facilitative or 

inhibitory in nature, depending on the content and timing of verbal production. In sum, 

when the verbal cue is congruent with the action, and precedes motor production, 

facilitation occurs. Conversely, when the verbal cue is incongruent with the action, or is 
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presented simultaneously with the motor cue, interference may occur. However, the 

time course for facilitation or interference in sequential language to motor production 

tasks warrants further investigation. 

Motor effects on the language system 

A fewer number of studies have studied motor effects on the language system. 

Setola and Reilly (2005) compared the influence of performed and observed 

movements on a lexical decision for verbs with visual associations vs. motor 

associations. Results showed faster reaction times for general action words (e.g., those 

with visual associations) and slower reaction times for hand action words (e.g., those 

with motor associations), indicating that observed or performed hand movements 

interfere with processing of hand-related words when these tasks were performed 

simultaneously. Nazir and colleagues (2008) also demonstrated that perception of 

action-related verbs interfered with a reaching task when words were presented 50 ms 

and 250 ms after initiation of the movement. Morsella (2002) investigated motor effects 

on the language system during simultaneous production tasks and found that motor 

production slowed production of concrete motor-related nouns relative to abstract 

words. 

This evidence provides support for motor effects on language perception and 

production, which supports the notion that areas involved in motor production are also 

engage by language processing. Furthermore, it appears the influence is inhibitory for 

motor movements when tasks are completed concurrently and when words are 

presented after movement onset. However, additional studies are warranted to 

elucidate the effect of semantic-motor representations on production tasks, as well as 

time course for cue presentation. 
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Neuropsychological evidence 

Individuals with aphasia and limb apraxia provide evidence for the interaction of 

language and motor systems, as well. Limb apraxia is a neuropsychological disorder of 

learned movement not resulting from primary motor or sensory deficits (Rothi & 

Heilman, 1997). More specifically, ideomotor limb apraxia, which can affect both 

pantomime and actual tool use, is thought to result from damage to parietal and 

prefrontal cortices that results in a disruption of gesture information and stored 

knowledge related to tool use that is required for successful motor output. Ideomotor 

limb apraxia and aphasia are common consequences of stroke, and it is reported that 

these disorders often co-occur (Kertesz & Hooper, 1982). Studies have shown that 

individuals with posterior lesions demonstrate intact verbal and nonverbal action 

intention and action plans; however, their language is characterized by paraphasias and 

word retrieval deficits, which are analogous to deficits that individuals with ideomotor 

limb apraxia demonstrate (i.e., executing the wrong grip for a hand tool) (Buxbaum, 

Sirigu, Schwartz, & Klatzky, 2003; Leiguarda & Marsden, 2000). In patients with frontal 

lesions, deficits in action plan generation affect the sequencing of words and actions, 

which some argue is analogous to grammatical deficits and difficulty performing actions 

that require sequential movement (van Schie, Toni, & Bekkering, 2006). 

Additionally, it has been suggested that the action impairment associated with limb 

apraxia prohibits successful use of gesture as a facilitative or compensatory strategy in 

individuals with aphasia (Kertesz & Hooper, 1982). However, evidence against this 

suggestion has been demonstrated in neuropsychological studies of individuals with 

limb apraxia (Haaland, 1984; Rosci, Chiesa, Laiacona, & Capitani, 2003) and treatment 

studies of individuals with limb apraxia and aphasia (Raymer, et al., 2006; Rodriguez, 
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Raymer, & Rothi, 2006), suggesting there is not a direct relationship between deficits in 

action and language perception and production. Nonetheless, there is evidence that 

disruption in language or action systems due to brain damage can result in negative 

functional consequences, supporting the existence of some degree of anatomical 

overlap between language and motor systems. 

Reciprocal Activation of Language and Motor Systems 

A vast amount of evidence exists in support of a functional interaction between 

language and motor systems. Based on the review of evidence for sensorimotor 

theories and the interaction of language and motor systems, two conclusions can be 

drawn. First, the semantic representations of action-related words are functionally linked 

to the motor system. Second, similar functional networks support language and motor 

production. Specifically, production of motor-related words and manual goal-directed 

behavior are served by portions of a common neural network in addition to the areas 

that process associated sensory features. 

If actions and motor-related concepts share some neural real estate, two 

predictions can be made with regard to the interaction between motor and language 

systems. First, activation of semantic-motor representations may reciprocally affect 

language and motor production. That is, activation of semantic-motor representations 

may be sufficient to activate associated words and actions. For example, when the tool 

used for pounding a nail is viewed the lexical representation “hammer”, as well as the 

corresponding motor regions involved in the action associated with hammer (i.e., hand 

and arm motor cortex for grasping and striking) are activated. The unique characteristic 

of semantic-motor representations, as opposed to semantic representations lacking a 

human motor component, is that the sensorimotor information can translate into 
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activation of the motor system. Thus, language and motor activation should co-occur 

when the brain processes these semantic-motor representations or when actions are 

executed. 

Language Production 

Evidence reviewed in this chapter suggests that word production tasks activate a 

wide range of cortical areas depending on the sensorimotor features of the underlying 

concept. As such, motor-related concepts have some degree of representation in the 

motor system. Evidence also suggests that language production can influence motor 

production by way of facilitation or interference. These effects are dependent on 

temporal aspects of production and the congruency of modality of target and response 

(e.g., hand actions affect hand words). 

Motor Production 

This chapter also reviewed evidence regarding the effects of semantic-motor 

representations on motor to language production. The evidence in this direction is less 

substantive, suggesting that this phenomenon is more difficult to investigate 

experimentally or that it may be more complex than the effects of semantic-motor 

representations on language to motor production. It can be argued that motor 

production activates semantic-motor representations associated with the motor region 

creating competition for selection. Evidence also suggests that language production can 

influence motor production by way of facilitation or interference. Again, these effects are 

dependent on temporal aspects of production and the congruency of modality (e.g., 

hand actions affect hand words). 



 

29 

Purpose of the Investigation 

Based on the review of the literature, several hypotheses can be generated with 

regard to the interaction of language and motor system in the context of semantic-motor 

representations: 

• Motor engagement is sufficient to affect language production 
• Language production is sufficient to engage the motor system 
• The nature of language and motor system interaction is moderated by task and 

temporal dynamics 
 

While there is evidence for the interaction of language and motor systems under varying 

conditions, the effects of semantic-motor representations on concurrent, continuous 

language and motor production have not been investigated. Additionally, the 

reciprocality of language and motor effects in a sequential production paradigm has not 

been investigated. The investigation of language-motor interactions during production is 

important for a number of reasons. First, understanding how language and motor 

systems interact during perception only accounts for part of how we relate to others and 

our environment. Secondly, language and motor systems are dynamic and are likely 

engaged in unique ways during production (versus perception) tasks. Finally, a greater 

understanding of language-motor interaction during production has implications for 

functioning of healthy individuals and those with neurologic disease. 

Thus, the purpose of our study was to determine the reciprocal effects of shared 

semantic-motor representations on concurrent and sequential language and motor 

production in healthy young adults. We chose to conduct our study on healthy young 

adults because of age-related slowing in reaction time for motor responses 

(Falkenstein, Yordanova, & Kolev, 2006), differences in finger tapping abilities between 

young and old (Aoki & Fukuoka, 2010), as well age-related psychomotor slowing 
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reported to affect verbal fluency and word production (Rodriguez-Aranda, Waterloo, 

Sparr, & Sundet, 2006). The direction of effect was tested in three orthogonal 

experiments (see Figure 1-1) that tested the following predictions: 

Experiment 1 (Motor + Language): Concurrent and continuous motor and 

language production will be differentially affected by semantic-motor representations 

such that interference will occur when motor production is simultaneously accompanied 

by a language task that requires production of motor-related words relative to visually-

related words. 

Experiment 2 (Language → Motor): Sequential language to motor production will 

be differentially affected by semantic-motor representations such that production of 

motor-related words, relative to visually-related words, will interfere with a subsequent 

motor production task. 

Experiment 3 (Motor → Language): Sequential motor to language production will 

be differentially affected by semantic-motor representations such that a motor 

production task will interfere with subsequent production of motor-related words. 
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Figure 1-1.  The direction of effect investigated in Experiments 1-3. 
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CHAPTER 2 
STIMULI STANDARDIZATION 

Participants 

Ten healthy young adults (n=2 males, n=8 females), age 19-25 years, from the 

University of Florida participated in the stimuli standardization study. By self-report, all 

participants were right-handed, native speakers of English with no history of 

developmental or acquired cognitive or motor impairment. Approval from the 

Institutional Review Board was obtained and all participants signed an informed consent 

form prior to the initiation of study procedures. 

Semantic Category Selection 

Experiment 1 required selection of verbal fluency categories to examine the effect 

of semantic-motor representations on concurrent, continuous language and motor 

production. To ensure relative equivalency among the categories a series of verbal 

fluency tasks was administered within two broad semantic conditions: Semantic-Motor 

(categories highly associated with human manipulation or human motor action) and 

Semantic-Other (categories not associated with human manipulation or human motor 

action). 

Procedure 

Participants were given one minute and asked to name as many different words as 

possible that belonged to a given category. Four subcategories were tested in the 

Semantic-Motor condition: a) things you do; b) school and office supplies; c) garage 

tools; d) musical instruments. Three subcategories were tested in the Semantic-Other 

condition: e) animals; f) cities; g) fruits and vegetables. Responses were digitally 
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recorded using a laptop computer with an external microphone. Responses were later 

transcribed and scored offline. 

Results 

The recordings for each participant were reviewed to code errors in word 

production for each verbal fluency subcategory. The two types of errors we coded were 

category errors and perseverations. The mean for each subcategory was calculated 

based on the total number of correct words for all participants (see Table 2-1). 

Participants demonstrated heterogeneity in the number of words they produced 

across Semantic-Motor subcategories. The subcategories “things you do” and “school 

and office supplies” resulted in production of words not associated with human motor 

manipulation or motor action (i.e., learning, desk). Additionally, the subcategory “garage 

tools” resulted in production of fewer words than the other two categories. Performance 

in all three subcategories under the Semantic-Other condition was equivalent. 

To improve performance and response consistency in the Semantic-Motor 

subcategories, “things you do” was modified to “things you do with your hands” and the 

subcategories “school and office supplies” and “garage tools” were replaced with the 

category “objects that require the use of your hands”. A total of six subcategories were 

selected for use in Experiment 1. The two modified subcategories, as well as musical 

instruments comprised the Semantic-Motor condition. The three original subcategories 

(animals, cities, and fruits and vegetables) comprised the Semantic-Other condition. 

Word Selection 

As discussed previously, motor-related nouns and action verbs have been shown 

to activate motor cortices in neurophysiological perception and production studies 

(Oliveri, et al., 2004; Pulvermuller, et al., 1999; Saccuman, et al., 2006; Vigliocco, et al., 
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2006) and language-motor overlap has also been demonstrated in behavioral studies 

investigating either motor-related nouns (Morsella, 2002) or action verbs (Boulenger, et 

al., 2006; Boulenger, et al., 2008; Nazir, et al., 2008; Setola & Reilly, 2005). Motor-

related nouns and action verbs, however, have been investigated in separate 

experiments rather than within experiments where the psycholinguistic variables of the 

stimuli are held constant across word type. In order to extend the current research, two 

stimuli sets, comprised of motor-related (MR) nouns (e.g., pencil), MR verbs (e.g., 

write), visually-related (VR) nouns (e.g., flower) and VR verbs (e.g., bloom), were 

developed for Experiments 2 and 3. 

Procedure 

Nouns were extracted from the Wisconsin Perceptual Attribute Ratings Database 

which contains 1,402 nouns and their mean salience ratings in four perceptual attribute 

domains (sound, color, manipulability, and motion) (Medler, Arnoldussen, Binder, & 

Seidenberg, 2005). Nouns were selected according to the following criteria:  

• MR and VR nouns were 3-6 letters in length and no more than two syllables 
• MR nouns were objects that required interaction with hands for use and had 

manipulability or motion ratings of greater than 2.5 (out of 6) 
• VR nouns were objects not associated with human interaction and had color 

ratings of 3.0 or higher and manipulability ratings of 1.5 or lower (out of 6) 
 

The verb corpus was extracted from an English verb lexicon categorized by classes 

(Levin, 1993). MR and VR verbs in their base form (e.g., run, write) were selected 

according to the following criteria: 

• MR and VR verbs were 3-6 letters in length and no more than two syllables 
• MR verbs were from classes that require movement of the hands 
• VR verbs were from classes not directly related to human body movement or 

human psychological states 
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The nouns and verbs (n=165) were combined into randomized rating sheets. 

Participants were asked to rate each word on concreteness, familiarity and dominant 

grammatical class. Concreteness, defined as ability to see, touch, or manipulate, was 

rated on a 1-7 scale (1= not at all able, 7= extremely able). Familiarity was rated on a 1-

7 scale (1= not at all familiar, 7= extremely familiar). Judgment of dominant grammatical 

class was based on whether the word was more strongly associated with use as a noun 

(i.e., object) or verb (i.e., action or event). See Appendix A for instructions provided to 

participants, as well as examples of each rating scale. 

Results 

The mean ratings for familiarity, concreteness and grammatical class for each 

word were analyzed separately. The stimuli chosen for Experiments 2 and 3 fit the 

following criteria: 

• Concreteness average above 3.5 for nouns and 2.0 for verbs 
• Familiarity average above 3.5 for all nouns and verbs 
• Dominant grammatical class agreement in 9 of 10 raters 
 
A total of 96 words were selected and subsequently divided into two balanced sets. 

Sets 1 and 2 each contain 24 nouns (n=12 motor, n=12 visual) and 24 verbs (n=12 

motor, n=12 visual) for a total of 48 words (see Table 2-2). These sets were 

counterbalanced across participants for use in Experiments 2 and 3. See Appendix B 

for the concreteness, familiarity, and grammatical class ratings of all 96 words in Sets 1 

and 2. 
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Table 2-1.  Results for verbal fluency subcategories 
      Range   Mean (SD) 
Semantic-Motor 

Things you do    11-23   17.5 (3.4) 
School and office supplies    8-25   16.5 (5.2) 
Garage tools      3-10     7.0 (2.4) 
Musical instruments   13-20   15.7 (2.4) 

Semantic-Other 
Animals     14-29   21.6 (5.0) 
Cities       9-38   21.8 (8.5) 
Fruits and vegetables   15-30   21.7 (3.8) 

 
 
 
 
 
Table 2-2.  Mean concreteness and familiarity ratings for Sets 1 and 2 
     Set 1     Set 2 
   Concreteness Familiarity Concreteness Familiarity 
Motor 

Nouns (n=12) 6.82   6.47  6.83   6.48 
Verbs (n=12) 4.57   6.45  4.55   6.40 

Visual 
Nouns (n=12) 6.81   6.59  6.82   6.59 
Verbs (n=12) 3.97   6.23  3.98   6.23 
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CHAPTER 3 
PARTICIPANTS FOR EXPERIMENTS 1-3 

A convenience sample of 40 healthy young adults (n=5 males, n=35 females), age 

18-22 years, from the University of Florida participated in our study.1 Approval from the 

Institutional Review Board was obtained and all participants signed an informed consent 

form prior to the initiation of study procedures. 

Inclusion and Exclusion Criteria 

Two screening procedures were administered to determine eligibility to participate: 

• A brief questionnaire that included questions about native language and history 
of developmental or acquired cognitive or motor impairment was administered. 
Individuals with a history of developmental or acquired disorders affecting 
cognitive and/or motor function were not included in the study due to possible 
differences in performance on the language and motor tasks. 

 
• The Edinburgh Handedness Inventory (Oldfield, 1971) was administered to 

determine dominance of the right or left hand in everyday tasks. Individuals who 
were left-hand dominant or ambidextrous, as indicated by scores of -40 or below 
or between -40 and +40, respectively, were excluded from participation. Only 
those who were right-hand dominant, as indicated by a score of +40, were 
included. 

 
Randomization 

All 40 participants completed three experiments individually, (n=20 with the left 

hand, n=20 with the right hand). Experiment 1 was the first experiment administered to 

each participant. The order of administration for Experiments 2 and 3 was 

counterbalanced across participants (n=20 completed Experiments 1, 2, then 3, n=20 

                                              
1 We acknowledge the underrepresentation of males in our sample. However, it is unclear whether an 
unequal gender distribution affects our findings. Results of studies on gender differences in finger tapping 
are mixed. Studies investigating single task tapping have demonstrated that males tap with greater speed 
and regularity (Schmidt, Oliveira, Krahe, & Filgueiras, 2000), while studies investigating concurrent 
tapping and verbal production report no difference in number of taps between males and females (Clark, 
Guitar, & Hoffman, 1985). Similarly, significant gender differences in strategies for completing verbal 
fluency tasks have demonstrated superiority in females for phonemic fluency tasks only (Weiss, et al., 
2006). Additionally, the categories selected for Experiment 1 were gender neutral.  



 

38 

completed Experiments 1, 3, then 2). Control conditions for Experiments 2 and 3 were 

also conducted in a counterbalanced fashion across participants (n=20 completed the 

control trials prior to Experiments 2 and 3, n=20 completed the control trials after the 

Experiments 2 and 3). 
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CHAPTER 4 
EXPERIMENT1: EFFECT OF SEMANTIC-MOTOR REPRESENTATIONS ON 
CONCURRENT, CONTINUOUS LANGUAGE AND MOTOR PRODUCTION 

The effect of semantic-motor representations on concurrent language and motor 

production were examined in the context of continuous production tasks. Although 

verbal-manual dual task paradigms are common, they have not been utilized in the 

investigation of language-motor interactions. Our verbal-manual dual task paradigm 

required rapid, continuous, internally generated language production (i.e., verbal 

fluency) and rapid, continuous motor production (i.e., finger tapping). Because both 

language and motor systems were engaged simultaneously, this paradigm allowed for 

investigation of the direct effects of semantic-motor representations on language and 

motor production. The two variables measured in Experiment 1 were number of taps 

and number of words produced. 

Procedure  

Experiment 1 was conducted on a laptop computer with a USB enabled button box 

and a Marantz digital recorder with a headset microphone. Participants were asked to 

rest their hand comfortably on the button box. The experiment included five conditions: 

one Baseline Motor condition, two Baseline Language conditions and two Motor + 

Language conditions (see Table 4-1). 

The Baseline Motor and Baseline Language conditions allowed for comparison of 

tapping and word production under single and concurrent (Motor + Language) task 

conditions, allowing for more precise measurement of the direct effects of semantic-

motor representations on concurrent language and motor production. In the Baseline 

Motor condition, participants were asked to press one button on a button box as quickly 

and steadily as possible for one minute. In the Baseline Language conditions, 
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participants were asked to generate as many different words as possible for a given 

category in one minute. In the Motor + Language conditions, participants were asked to 

generate as many different words as possible for a given category in one minute while 

also tapping as quickly and steadily as possible. 

Experiment 1 began with the Baseline Motor condition to give participants an 

opportunity to become familiar with finger tapping. The Baseline Language and Motor + 

Language conditions were pseudorandomized across participants to rule out order 

effects and reduce the possibility of motor fatigue. Additionally, the three subcategories 

under Semantic-Motor (i.e., things you do with your hands, objects that require the use 

of your hands, musical instruments) and Semantic-Other (i.e., fruits and vegetables, 

animals, cities) were pseudorandomized across the Baseline Language and Language 

+ Motor conditions to rule out experimental bias. 

Data Acquisition and Processing 

The variables of interest in this experiment were tapping rate and number of words 

produced per category. The button box captured tapping data every 100 ms. Word 

production was recorded via the Marantz digital recorder in order to complete offline 

coding and to calculate number of responses. The recordings for each participant were 

transcribed and each category was coded in 100 ms intervals. The coding scheme was 

as follows: 0= silence, 1= semantic processing (500 ms prior to word production), 2= 

speaking. Responses were also coded for accuracy with errors labeled as category 

errors or perseverations. Tapping data per 100 ms were time-locked to word production 

data for the Motor + Language conditions. The method for processing the data for the 

five conditions is described below. 



 

41 

Baseline Motor (Condition 1): The total number of taps in 60 seconds, as well as 

taps per second, was calculated for each participant. 

Baseline Language (Conditions 2 and 3): The total number of words in 60 

seconds was calculated separately for the Semantic-Motor and Semantic-Other 

baseline categories for each participant. Time on task (in seconds), based on time spent 

semantic processing (code “1”) and speaking (code “2”), was also calculated. 

Motor + Language (Conditions 4 and 5): The total number of taps and words in 

60 seconds was calculated separately for the Semantic-Motor and Semantic-Other 

subcategories for each participant. Time on task (in seconds) was also calculated for 

each subcategory. Means for tapping and word production were calculated for each 

participant by averaging the totals for both subcategories under Semantic-Motor and 

Semantic-Other conditions. 

Based on these calculations, the following proportions were derived separately for 

Semantic-Motor and Semantic-Other conditions. These proportions were the dependent 

variables in the statistical analyses for Experiment 1: 

Tapping proportions for Time on Task: These proportions were calculated for 

each participant by dividing the mean number of taps for time on task during the Motor + 

Language conditions by the mean number of taps during the Baseline Motor condition. 

Word production proportions for Time on Task: These proportions were 

calculated for each participant by dividing the mean number of words in time on task 

during the Motor + Language conditions by the mean number of words during the 

Baseline Language condition. 
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Tapping proportions for Total Task Output: These proportions were calculated 

for each participant by dividing the mean number of taps produced in 60 seconds during 

the Motor + Language conditions by the mean number of taps produced in 60 seconds 

during the Baseline Motor condition. 

Word production proportions for Total Task Output: These proportions were 

calculated for each participant by dividing the mean number of words produced in 60 

seconds during the Motor + Language conditions by the mean number of words 

produced in 60 seconds during the Baseline Motor condition. 

Calculation of these proportions allowed for a standardized comparison of change 

in tapping and word production from Baseline conditions to Motor + Language 

conditions, eliminating any differences related to task difficulty (e.g., greater difficulty 

thinking of words for the Semantic-Motor categories). Additionally, the proportions made 

it possible to determine the effects of dual task performance on finger tapping and word 

production in the Semantic-Motor and Semantic-Other conditions. 

Statistical Analyses and Results 

Errors accounted for less than 2% of total responses across semantic categories 

in the Baseline Language and Motor + Language conditions. The Semantic-Motor 

condition had a higher error rate (2.4%) than the Semantic-Other condition (1.2%). 

However, most of the errors across conditions were perseverations (1.3%) rather than 

category errors, suggesting that very few were due to errors in semantic processing. 

Additionally, because the proportion of errors was relatively small it did not influence the 

results of our statistical analyses. As such, all words produced by participants were 

included in the word production proportions. This posed less of a threat than eliminating 

the errors, as there was not an equivalent method for systematic elimination of 
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corresponding taps. See Table 4-2 for the mean number of taps and words produced for 

each of the three subcategories that comprise Semantic-Motor and Semantic-Other 

conditions. 

Time on Task Analyses 

To examine the dual task effects of tapping and word production under the two 

semantic conditions, a 2 Condition (Semantic-Motor, Semantic-Other) by 2 Task (taps, 

words) repeated measures multivariate analysis of variance (MANOVA) was conducted. 

The MANOVA revealed a significant main effect of Condition [F(1, 39) = 5.18, p= .028, 

partial η2 = .117], indicating that dual task effects in the Semantic-Other condition were 

greater than dual task effects in the Semantic-Motor condition when considering time 

spent speaking and tapping (silences excluded). No main effect of Task was found [F(1, 

39) = .372, p= .546, partial η2 = .009], nor was there a Condition by Task interaction 

[F(1, 39) = .865, p= .358, partial η2 = .022]. Time on task ratio means and standard 

deviations are reported in Table 4-3. 

A one sample t-test was used to determine if the variables were significantly 

greater than or less than one, which would indicate a significant effect of dual task 

performance for tapping or word production in each semantic condition. The t-test was 

conducted at alpha level .01 based on a Bonferroni correction for multiple comparisons. 

The t-test revealed that task performance was not significantly different from baseline in 

the Semantic-Motor condition for tapping [t(39)=1.33, p=.191] or word production 

[t(39)=.872, p=.389]. However, the Semantic-Other condition revealed a marginally 

significant difference from baseline performance for tapping [t(39)=2.48, p=.018] and a 

significant difference from baseline performance for word production [t(39)=3.83, 

p<.0001]. This indicates there was a greater dual task cost in the Semantic-Other 
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condition relative to the Semantic-Motor condition in both finger tapping and word 

production (see Figure 4-1). 

Total Task Output Analyses 

To examine the dual task effects of tapping and word production under the two 

semantic conditions, a 2 Condition (Semantic-Motor, Semantic-Other) by 2 Task (taps, 

words) repeated measures multivariate analysis of variance (MANOVA) was conducted. 

The MANOVA revealed a significant main effect of Task [F(1, 39) = 5.83, p= .021, 

partial η2 = .130], indicating that when considering change in total output participants 

demonstrated a dual task effect only on tapping performance. No main effect of 

Condition was found [F(1, 39) = 1.92, p= .174, partial η2 = .047], nor was there a 

Condition by Task interaction [F(1, 39) = .311, p= .580, partial η2 = .008]. In summary, 

in dual task conditions, tapping dropped regardless of word type being produced, but 

the number of word produced was unaffected by the dual task manipulation. Total Task 

Output ratio means and standard deviations are reported in Table 4-4. 

A one sample t-test was used to determine if changes in tapping and word 

production were significantly greater than or less than one, which would indicate a 

significant effect of dual task performance for tapping or word production in each 

semantic condition. The t-test was conducted at alpha level .01 based on a Bonferroni 

correction for multiple comparisons. Tapping performance was affected in the Semantic-

Other condition [t(39) = 4.14, p<.0001], but not in the Semantic-Motor condition[t(39) = 

2.32, p= .026], indicating there was significant drop in tapping rate only in the Semantic-

Other condition. Changes in word production were not significant in either the Semantic-

Other condition [t(39) = .062, p= .951], or the Semantic-Motor condition  [t(39) = 1.32, 
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p= .196]. In sum, there were significant dual task effects on tapping which were greatest 

in the Semantic-Other condition, but no significant dual task effect on word production. 

Interim Discussion 

This experiment investigated the effect of semantic-motor representations on 

concurrent, continuous language and motor production. Participants generated words to 

Semantic-Motor and Semantic-Other categories while finger-tapping. We found that 

continuous, concurrent tapping and word generation interfered with the time spent 

tapping and producing words in the Semantic-Other condition relative to Semantic-

Motor condition. In addition, when looking at change in the actual output (taps and 

words) only tapping showed a significant dual task effect. 

Verbal-manual dual task effects are widely reported in the literature. A common 

finding when pairing verbal output (e.g., word reading) with manual output (e.g., finger 

tapping) is a reduction in performance in one or both tasks (Van Hoof & Van Strien, 

1997). As such, a reduction in word production and or tapping performance was 

expected in both conditions. However, we predicted there would be significantly more 

interference when tapping was accompanied by production of words in Semantic-Motor-

categories, which was not supported by our findings. We discuss the finger-tapping and 

word production results in turn. 

Finger-Tapping Rate 

We found significant effects of dual task performance on time spent tapping (i.e., 

more pauses) in the Semantic-Other condition and on overall tapping output (i.e., fewer 

taps), which was most pronounced in the Semantic-Other condition. The Semantic-

Other condition was included to demonstrate the effects of tapping when words 

unrelated to motor performance were generated; thus, these results are consistent with 
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the literature that word production interferes with motor performance. In contrast, and 

contrary to our prediction, time spent tapping in the Semantic-Motor Condition was 

preserved relative to the Semantic-Other condition, and the number of taps produced 

showed no dual task effect in the Semantic-Motor condition. These findings suggest that 

producing Semantic-Motor words facilitated tapping relative to the Semantic-Other 

condition. 

A potential alternate explanation for these findings is that participants chose to 

prioritize the cognitive task (i.e., focused more on word production rather than tapping) 

in the Semantic-Other condition resulting in a significant decrease in tapping 

performance; however, this possibility is unlikely because there was a significant 

decrease in time spent in word production during time on task in the Semantic-Other 

condition. The other alternative is that producing a larger number of words in the 

Semantic-Other condition relative to the Semantic-Motor condition resulted in the 

significant decrease in finger-tapping in the former; however, differences in difficulty 

between conditions were accounted for in the tapping and word production proportions 

used in our analyses. Thus, it appears more likely that there was facilitation of finger 

tapping in the Semantic-Motor condition rather than interference in the Semantic-Other 

condition. This explanation will be further explored in Chapter 7. 

Word Production Rate 

We found a significant effect of dual task performance on time spent in word 

production in the Semantic-Other condition, consistent with previous findings of verbal-

manual interference in the literature. However, contrary to our prediction, there was no 

significant effect of dual task performance on time spent in word production in the 

Semantic-Motor Condition. Indeed, the dual task effect in the Semantic-Motor condition 
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was significantly less than the dual task effect in the Semantic-Other condition. This 

provides additional evidence that there was facilitation of language and motor systems 

in the Semantic-Motor condition.  

Again, it might be suggested that the Semantic-Motor condition required greater 

cognitive effort, so participants chose to focus more on word production in that 

condition. However, increased cognitive demand resulting in greater attention to word 

production would have likely resulted in decreased tapping performance and/or 

decreased word production in the Semantic-Motor condition, which is not what we 

found. Thus, we believe the most parsimonious explanation of these findings is that the 

Semantic-Motor condition facilitated performance in this dual task experiment. 

In summary, although the findings of interference in the Semantic-Other condition 

for Time on Task and Total Task Output were not consistent with our prediction, 

semantic-motor representations appear to have influenced language and motor 

production. Specifically, the Semantic-Other condition interfered with production, while 

the Semantic-Motor condition did not. Therefore, the findings from the Time on Task 

and Total Task Output analyses suggest that concurrent activation of semantic-motor 

representations from tapping and word production facilitated performance in the 

Semantic-Motor condition. This finding provides support for the hypotheses that 

language production is sufficient to engage motor production and vice versa. The 

implications of this experiment will be discussed further Chapter 7. 
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Table 4-1.  Five conditions that comprise Experiment 1 
Baseline Motor Baseline Language   Motor + Language 
Tapping  Semantic-Motor (1 category) Tapping + Semantic Motor 
        (2 categories) 
   Semantic-Other (1category) Tapping + Semantic-Other 
        (2 categories) 
 
 
 
 
 
Table 4-2.  Word production and finger tapping means by semantic category 
       Baseline  Motor + Language 
      Mean   SD  Mean   SD 
Taps      218.93  35.72 

Semantic-Motor 
 Things you do with your hands     213.04  43.27 
 Musical instruments       206.6   41.59 
 Objects        213.83  30.68 
 Total Semantic-Motor      210.86 38.51 

Semantic-Other 
Animals        191.96  48.34 

 Cities         206.15  30.83 
 Fruits and vegetables      206.81  51.74 
 Total Semantic-Other      201.40 39.28 
Words 

Semantic-Motor 
 Things you do with your hands 14.57   3.55  14.65   3.90 
 Musical instruments   14.40  5.50  16.5   4.64 
 Objects require use of hands 18.25   5.31  17.04   5.09 
 Total Semantic-Motor  16.00  5.05  16.06  3.88 

Semantic-Other 
 Animals    24.75     5.83  25.04   6.43 
 Cities     26.14   10.44  21.08   6.32 
 Fruits and vegetables  21.71     5.76  20.77   5.52 
 Total Semantic-Other  24.18    7.79  22.36  5.32 
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Table 4-3.  Time on Task ratios by Condition and Task 
Taps     Words 

Mean  SD   Mean  SD 
Semantic-Motor  .977  .107   .979  .156 
Semantic-Other  .953  .120   .923  .128 
 
 
 
 
 
Table 4-4.  Total Task Output ratios by Condition and Task 

Taps     Words 
    Mean  SD   Mean  SD 
Semantic-Motor  .964  .098   1.11  .509 
Semantic-Other  .922  .118   1.00  .367 
 
 
 
 
 

 
 

Figure 4-1.  Depiction of dual task effects on tapping and word production during time 
on task by semantic condition. 
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CHAPTER 5 
EXPRERIMENT 2: EFFECTOF SEMANTIC-MOTOR REPRESENTATIONS ON 

SEQUENTIAL LANGUAGE TO MOTOR PRODUCTION 

In this experiment, the effect of semantic-motor representation on language to 

motor production was examined using a semantic prime to influence motor production. 

Semantic priming is a phenomenon in which exposure to information that is 

semantically related to a target influences the speed and/or accuracy of a target 

response. Recently studies have demonstrated that motor features of objects can serve 

as semantic primes. For example, Myung and colleagues demonstrated that a word 

such as “typewriter” could be used to prime the word “piano” based on similar manner of 

manipulability (i.e., both require similar manual manipulation) (Myung, Blumstein, & 

Sedivy, 2006). The paradigm used in this experiment took a slightly different but related 

approach in which semantic-motor word primes were used to prime motor production. 

This paradigm, also used by Morsella (2002), is based on the underlying assumption 

that word primes associated with hand motor function would activate the motor system 

and influence motor production. This experiment investigated the effect of MR and VR 

words on a goal directed manual task (i.e., pointing to a fixed target). The dependent 

variable in Experiment 2 was reaction time (RT) for pointing. 

Experimental Procedure 

Experiment 2 was conducted on a desktop computer running E-Prime stimulus 

delivery software with a touch screen monitor. Participants were seated in front of the 

computer monitor and asked to place their hand on a secured mouse pad located within 

comfortable reach. The participants were instructed to read each word aloud as quickly 

and accurately as possible and upon presentation of the cue (green light) to touch the 

circle on the screen with their index finger as quickly as possible then return their hand 
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to the mouse pad. Prior to the experiment, participants were informed that they may see 

a word appear in purple at the end of some trials. If the word appeared, they were to 

indicate whether that word was associated with the previous target word. The purpose 

of the word association task was to promote deeper semantic processing of target 

words, rather than simple grapheme to phoneme conversion. 

After the instructions were provided, participants were given practice trials to 

familiarize themselves with initiating responses on cue as quickly as possible and 

making adequate contact with the touch screen monitor to record responses. Feedback 

was provided on trials in which participants did not complete the task correctly. The 

structure of the practice trials was analogous to the experimental trials; however, the 

words used in the practice trials were not part of the experimental stimuli. 

Experimental Trial Structure 

After the 500 ms fixation cross, the semantic prime cue appeared for 300 ms. The 

ISI for the cue (green circle) to execute the finger pointing task occurred at fixed, 

random intervals of 250 ms, 500 ms, and 700 ms. The cue remained on the screen until 

the participant executed the pointing task. On trials that contained the word association 

task, a word appeared 1000 ms after completion of the pointing task. E-Prime presented 

all trials automatically with an intertrial interval of 1500 ms. See Figure 5-1 for a 

depiction of the experimental trial structure. 

Experiment 2 consisted of 96 trials (n=24 MR words, n=24 VR words, n=48 

nonwords). See Appendix D for a description of nonword stimuli. The 250 ms and 500 

ms ISI’s were blocked by word type such that 20 participants received MR words at 250 

ms and VR words at 500 ms and 20 participants received VR words at 250 ms and MR 

words at 500 ms. The MR words, VR words, and nonwords were presented randomly 
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during the experiment. Each word was only presented once. Additionally, there were 16 

word association trials (n=8 for MR words, n=8 for VR words) four of the words were 

associated with the target word and four of the words were not. 

Previous studies by Morsella (2002) showed no priming effects beyond 600 ms 

after the onset of a semantic word prime, but these results were based on comparison 

of words with different psycholinguistic properties (words varied by frequency and 

concreteness). Additionally, there was overlap in language and motor production in 

those experiments. In this experiment, we were interested in investigating the effect of 

sequential language to motor production with no overlap in task production. As such, we 

chose the 250 ms and 500 ms ISI’s, which allowed for completion of word production 

and more precise investigation of the time course of our semantic primes. The purpose 

of the 700 ms trials was to include a longer ISI to help prevent participants from initiating 

an anticipatory motor response (i.e., pointing to the target prior to the cue). As such, 

only nonwords were presented in the 700 ms trials. 

Control Condition and Trial Structure 

Since the dependent variable in Experiment 2 was RT for pointing, a control task 

was completed to obtain RT data for pointing in the absence of a prime. The control 

trials were conducted on a desktop computer running E-Prime stimulus delivery 

software with a touch screen monitor. Participants were presented with 60 trials and 

asked to point to the green circle as quickly as possible. The timing and duration of the 

fixation cross, green circle cue, and interstimulus interval was the same in the control 

trials as the experimental trials. 
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Data Acquisition and Processing 

E-Prime recorded RT in milliseconds via the touch screen computer monitor. Word 

production was recorded via a Marantz digital audio recorder in order to complete offline 

scoring of responses. Since semantic processing of target words was critical to this 

experiment, recordings were reviewed and the trials in which participants made errors in 

word production were removed. Nonword trials were also removed. 

The RT mean and standard deviation in the remaining control and experimental 

trials was used to calculate a z-score for each trial. We eliminated reaction time outliers 

using a z-score cutoff of + 1.96 (corresponding to an alpha of .05). We also eliminated 

trials in which participants initiated pointing prior to the cue and trials in which responses 

were not recorded on the first contact (i.e., participants had to touch the screen twice). 

Mean RTs for the control and experimental condition were calculated for each 

participant on the remaining trials. The effect of MR words and VR words on pointing 

was calculated by subtracting the mean RT of control pointing from the mean RT of 

pointing after MR and VR word primes. 

Statistical Analysis and Results  

Combined word production errors (e.g., wrong word produced) and motor 

production errors (e.g., RT not recorded on first contact) accounted for 17% of 

responses across all participants. To determine the effect of semantic-motor primes on 

pointing to a fixed target, a 2 x 2 mixed model repeated measures analysis of variance 

(ANOVA), with Word Type (MR, VR) as a within subjects factor and ISI (250 ms, 500 

ms) as a between subjects factor was conducted. The ANOVA revealed a significant 

main effect of ISI [F(1, 38) = 8.18, p= .007, partial η2 = .177] qualified by a Word Type 

by ISI interaction [F(1, 38) = 75.42, p < .0001, partial η2 = .665]. The interaction 
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indicated that RT for pointing to a fixed target was differentially affected by production of 

MR words relative to VR words, as well as the duration of the delay (i.e., ISI). See Table 

5-1 for means and standard error means. No significant main effect of Word Type was 

found [F(1, 38) = 3.39, p= .074, partial η2 = .082]. 

An independent samples t-test was conducted to further explore the Word Type by 

ISI interaction revealed by the ANOVA. The t-test revealed a significant priming effect 

for MR words [t(38)=5.87, p< .0001] but no significant priming effect for VR words 

[t(38)=.057, p= .955], as shown in Figure 5-2. Furthermore, at 250 ms ISI, there was an 

increase in RT of 74 ms for MR words and an increase in RT of 38 ms for VR words, 

indicating that MR and VR word production interfered with pointing to a target but the 

interference was significantly greater for MR words. At the 500 ms ISI, there was a 

decrease in RT of 17 ms for the MR words and an increase in RT of 37 ms for the VR 

words. Thus, semantic-motor primes (i.e., MR words) interfered with pointing to a fixed 

target at a short delay but facilitated pointing to a fixed target at a longer delay. 

Interim Discussion 

This experiment investigated the effect of semantic-motor representations on 

sequential language to motor production. Participants produced MR and VR word 

primes prior to initiating a goal-directed manual task (i.e., finger-pointing). It was 

predicted that MR word primes and VR word primes would differentially affect motor 

production such that MR words primes would interfere with motor production. 

Our finding that MR primes increased RT for pointing to a target at 250 ms ISI is 

consistent with our prediction, as well as with the semantic priming literature in which 

interference is consistently reported at short SOA’s. Our finding that MR primes 

decreased RT for pointing at 500 ms ISI, although not specifically predicted, is also 
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consistent with the semantic priming literature, in which it is reported that facilitation 

occurs at longer SOA’s. Performance with VR primes demonstrates the general effects 

of switching between a word production task and a pointing task. The relatively 

equivalent increase in RT at 250 ms and 500 ms ISI for VR word primes illustrates that 

these words had little effect on motor performance, and further supports the 

interpretation that the effects obtained with MR primes were the result of an interaction 

between MR word semantics and motor production. 

With respect to other production studies, our results support those of Morsella 

(2002) who found interference at 100 ms SOA for high frequency words. However, a 

direct comparison of results is difficult because of the differences in the psycholinguistic 

properties of our stimuli sets and primes, as well as the fact that Morsella’s paradigm 

investigated overlapping production of language and motor tasks, whereas our study 

investigated sequential production. With respect to perception findings, our results are 

similar to those of Boulenger and colleagues who showed that processing of action 

verbs interfered with a reaching task within 200 ms of cue onset (Boulenger, et al., 

2008). Because of the short SOA in that experiment, there was likely overlap in the verb 

perception and motor production tasks. Nonetheless, there appear to be similarities in 

how language perception and language production affect motor production. 

In summary, the findings of Experiment 2 support the use of cross-modal semantic 

priming to investigate the effect of sequential language to motor production. The finding 

of interference and facilitation in only the MR condition (not the VR condition) suggests 

that the priming effect obtained was related to activation of semantic-motor 

representations via semantic-motor primes and not other factors. As such, the 
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hypothesis that language production is sufficient to engage the motor system is 

supported. Additionally, use of semantic-motor primes interfered with motor production 

at a short delay and facilitated motor production at a longer delay, supporting the 

hypothesis that temporal dynamics largely determine the nature of language-motor 

interactions. These findings will be discussed further in Chapter 7. 
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Figure 5-1.  Schematic depiction of the trial structure for Experiment 2. 

 
 
 
 
 
Table 5-1.  Reaction time means for pointing to a fixed target by ISI and Condition 

  250 ms     500 ms  
Mean  SEM   Mean  SEM 

Control (ms)  513.65 14.50   501.81 18.70 
MR words (ms) 588.16 13.1   484.57 16.05 
VR words (ms) 552.42 12.29   539.52 19.59 
 
 
 
 
 

 
 
Figure 5-2.  Depiction of MR and VR word primes on pointing by ISI. 
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CHAPTER 6 
EXPERIMENT 3: EFFECT OF SEMANTIC-MOTOR REPRESENTATIONS ON 

SEQUENTIAL MOTOR TO LANGUAGE PRODUCTION 

In this experiment, the effect of semantic-motor representations on motor to 

language production was examined using motor production as a prime. This paradigm 

was based on the hypothesis that engaging in a motor task activates motor programs 

which can, in turn, influence production of words associated with human motor 

movement. Previous experiments have utilized manual grasp and finger extension as 

motor primes (Morsella, 2002). These motor primes resulted in different results 

presumably based on difficulty in production. In this experiment, finger tapping served 

as the motor prime. Finger tapping was selected because it is a relatively simple motor 

task that can be carried out with some consistency and maintained over time. This 

experiment investigated the effect of finger tapping on subsequent MR and VR word 

production. The dependent variable in Experiment 3 was RT for word production. 

Experimental Procedure 

Experiment 3 was conducted on a desktop computer running E-Prime stimulus 

delivery software and a voice key coupled to a sensitive microphone relay. Participants 

were seated in front of the computer and a computer mouse was placed on a secured 

pad within comfortable reach. Participants were instructed to watch the computer 

screen and, upon presentation of the cue (green square), begin tapping the button on 

the mouse as quickly and steadily as possible until a word appeared inside a red box at 

which time they should stop tapping and read the word aloud as quickly and accurately 

as possible. The participants were asked to keep their eyes on the computer screen and 

their index finger on the mouse at all times. 
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After the instructions were provided, participants were given practice trials to 

familiarize themselves with stopping and starting the finger-tapping task on cue. 

Feedback was provided on trials in which participants did not complete the task 

correctly. The structure of the practice trials was analogous to the experimental trials; 

however, the words used in the practice trials were not part of the experimental stimuli. 

Experimental Trial Structure 

After the 250 ms fixation cross, the motor prime cue appeared for 300 ms. The 

word cue (red square with the word) was randomized across trials to occur at 500 ms, 

750 ms, and 1000 ms after the appearance of the green square of the motor prime and 

participants tapped until the red square appeared with the word. The word cue 

remained on the screen until the participant initiated word production. On trials that 

contained the word association task, a word appeared 1500 ms after word production. 

E-Prime presented the trials automatically with an intertrial interval of 1500 ms. See 

Figure 6-1 for a depiction of the experimental trial structure. 

Experiment 3 consisted of 96 trials (n=24 MR words, n=24 VR words, n=48 

nonwords). The 500 ms and 750 ms ISI’s were blocked by word type such that 20 

participants received MR words at 500 ms and VR words at 750 ms and 20 participants 

received VR words at 750 ms and MR words at 500 ms. The MR words, VR words, and 

nonwords were presented randomly during the experiment. Each word was only 

presented once. The word association task used in Experiment 2 was also used in this 

experiment to assure semantic processing of words. 

In this experiment, we were interested in investigating the effect of sequential 

motor to language production with no overlap in production tasks. Additionally, we were 

interested in the effect of motor production rather than motor planning or response 
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preparation. As such, we chose the 500 ms and 750 ms ISI’s to allow time for initiation 

of the motor task. The purpose of the 1000 ms trials was to include a longer SOA to 

help prevent participants from extinguishing the motor task in anticipation of the word. 

As such, only nonwords were presented in the 700 ms trials. 

Control Condition and Trial Structure 

Since the dependent variable in Experiment 3 was RT for word production, a 

control task was completed to obtain data on RT for word production in the absence of a 

prime. The control task was conducted on a desktop computer running E-Prime 

stimulus delivery software and a voice key coupled to a sensitive microphone relay. 

Participants were asked to read aloud each word presented on the screen as quickly 

and accurately as possible. There were 96 trials (n=48 MR words, n=VR words) 

presented randomly. The control words were the same words used in the experimental 

trials. The timing and duration of the fixation cross, word cue, and interstimulus interval 

was the same in the control trials as the experimental trials. 

Data Acquisition and Processing 

In the experimental trials E-Prime recorded data on finger-tapping as well as RT 

for words in milliseconds via the voice key and microphone relay. In the control trials E-

Prime recorded RT for word production. In both conditions, word production was also 

recorded via a Marantz digital audio recorder in order to complete offline scoring of 

responses. Since the motor component preceding language was critical to this 

experiment, experimental trials in which participants did not initiate finger tapping were 

removed. Semantic processing of target words was also critical to the experiment, so 

recordings were reviewed and the trials in which participants made errors in word 

production were removed. Nonword trials were also removed. 
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The RT mean and standard deviation for the remaining control and experimental 

trials was used to calculate a z-score for each trial. We eliminated reaction time outliers 

using a z-score cutoff of + 1.96 (corresponding to an alpha of .05). This eliminated trials 

in which responses were not captured on the first attempt (i.e., participants had to say 

the word twice). Mean RTs were calculated for MR and VR words in the control 

condition and experimental conditions. The effect of motor primes on MR words and VR 

words was calculated by subtracting the mean RT of the control words from the mean 

RT of the primed words in each condition. 

Statistical Analysis and Results 

Combined word production and motor production errors accounted for 13% of 

responses across all participants. A 2 x 2 mixed model repeated measures ANOVA with 

Word Type (MR, VR) as a within subjects factor and ISI (500 ms, 750 ms) as a between 

subjects factor was conducted. The ANOVA revealed a significant Word Type by ISI 

interaction [F(1, 38) = 24.87, p < .0001, partial η2 = .396], indicating that finger tapping 

differentially affected production of MR words and VR words and that production of 

these words was also differentially affected at different delays. See Table 6-1 for means 

and standard error means. No main effect of Word Type [F(1, 38) = 3.32, p= .568, 

partial η2 = .009] or ISI [F(1, 38) = 3.27, p= .079, partial η2 = .422] was found. 

An independent-samples t-test was conducted to further explore the Word Type by 

ISI interaction revealed by the ANOVA. The t-test revealed that finger tapping 

significantly affected MR word production [t(38)=2.79, p=.008] but not VR word 

production [t(38)=.672, p=.505]. At the 500 ms ISI, there was an increase in RT of 139 

ms for MR words and 121 ms for VR words. At the 750 ms ISI, there was an increase in 

RT of 97 ms for the MR words and 111 ms for the VR words. 
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A paired samples t-test was conducted to compare the priming effects obtained for 

MR words relative to VR words at the two ISIs. The t-tests were conducted at alpha 

level .025 based on a Bonferroni correction for multiple comparisons. The t-tests 

revealed a significant difference between the priming effects for MR words relative to 

VR words at 500 ms ISI [paired t(18)= -3.96, p=.001] and 750 ms ISI [paired t(20)=3.12, 

p=.005]. Importantly, as shown in Figure 6-2, these results suggest that the motor prime 

caused significant interference of MR word production at 500 ms relative to VR word 

production, but facilitation of MR word production relative to VR word production at 750 

ms ISI. 

Interim Discussion 

This experiment investigated the effect of semantic-motor representations on 

sequential motor to language production. Participants engaged in a finger-tapping task 

prior to production of MR and VR words. It was predicted that sequential motor to 

language production would have differential effects on MR words and VR words such 

that motor production would interfere with subsequent production of MR words. 

Our finding that finger-tapping increased RT for MR word production relative to VR 

word production at 500 ms ISI is consistent with our prediction, as well as reports in the 

semantic priming literature of interference at short SOA’s. Our finding that finger-tapping 

resulted in a significant decrease in RT for MR word production at 750 ms, although not 

specifically predicted, is also consistent with the semantic priming literature, in which it 

is reported that facilitation occurs at longer SOA’s. The relatively equivalent priming 

effects obtained in RT at 500 ms and 750 ms ISI for VR word production further 
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supports the interpretation that the effects obtained were the result of an interaction 

between the motor prime and MR word production. 

To our knowledge, no studies have investigated the effect of motor primes on 

sequential motor to language production tasks. In a concurrent task, Morsella (2002) 

found that concreteness determined whether motor primes facilitated or interfered with 

single word production. However, a direct comparison of results with that study is 

difficult because the task was concurrent rather than sequential. With respect to 

previous findings in the perception literature, our results are similar to those of Setola 

and Reilly (2005) who demonstrated that performed movements resulted in slower RTs 

for making lexical decisions about hand action words. Again, there appear to be 

similarities in how motor production affects language perception and language 

production. 

In summary, the findings of Experiment 3 support the use of cross-modal semantic 

priming to investigate the effect of sequential language to motor production. The finding 

of significant interference and facilitation in only the MR condition (not the VR condition) 

suggests that the priming effect obtained was related to activation of semantic-motor 

representations via the motor prime and not other factors. As such, the hypothesis that 

motor engagement is sufficient to influence language production is supported. 

Additionally, use of motor primes interfered with MR word production at a short delay 

and facilitated MR word production at a longer delay, again supporting the hypothesis 

that temporal dynamics largely determine the nature of language-motor interactions. 

These findings will be discussed further in Chapter 7. 
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Figure 6-1.  Schematic depiction of the trial structure for Experiment 3. 

 
 
 
 
 
Table 6-1.  Response time means for word production by ISI and Condition 

500 ms    750 ms 
Mean  SEM   Mean  SEM 

Control MR words (ms)  461.68 12.22   475.36 10.32 
Experimental MR words (ms) 600.84 14.90   572.67 12.05 
Control VR words (ms)  460.58 11.73   471.49 10.78 
Experimental VR words (ms) 581.68 13.09   583.10 11.77 
 
 
 
 
 

 
 
Figure 6-2.  Depiction of the effects of motor priming on MR and VR words by ISI. 
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CHAPTER 7 
DISCUSSION 

The three experiments that comprised our study investigated the effect of 

semantic-motor representations on language and motor production tasks. While some 

evidence has been reported in the literature supporting language-motor interaction, our 

study was the first to investigate this interaction in a task requiring continuous, 

concurrent language and motor production. Additionally, it was the first to test the 

reciprocality of language and motor effects in a sequential production paradigm. 

The results obtained in Experiment 1-3 support the existence of language-motor 

interactions in concurrent and sequential tasks. While these language and motor effects 

were dependent on temporal aspects (i.e., we found both facilitation and interference 

under different conditions), we demonstrated that semantic-motor representations can 

affect both language and motor production. In the following sections, we provide a 

discussion of our results in the context of resource allocation theory (Experiment 1) and 

picture-word interference effects (Experiments 2 and 3). We conclude with implications 

for sensorimotor theory and embodied cognition, implications for individuals with 

neurologic disease, and considerations for future research. 

Resource Allocation Theory 

Attention, a cognitive process that involves selective allocation of resources, has 

long been a topic of great interest in cognitive and clinical sciences. Similarly, dual task 

performance, or the ability to execute two tasks simultaneously, has been central to 

attention research for over a century (Pashler, 1994). Aside from the relevance of 

attention and dual task performance to everyday life (i.e., talking on a cell phone while 

driving a vehicle), dual task performance provides a means for understanding the 
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functional interaction of brain systems. A number of theories have been proposed to 

explain findings related to dual task performance (for a review see Pashler, 1994). We 

will focus on resource allocation theories which hold that performance of tasks requires 

utilization of a modality-neutral single resource pool or a discrete series of smaller 

resource pools dedicated to attention allocation for specific tasks. 

The emergence of resource theories was born out of the inability of other theories 

to account for tasks that require the ability to respond simultaneously to multiple tasks 

or multiple task demands (e.g., divided attention) and the ability to maintain a behavioral 

set despite distracting or competing stimuli (e.g., selective attention). Differing resource 

theories were proposed by Kahneman (1973) and later modified by Norman and 

Bobrow (1975), Navon and Gopher (1979), and Wickens (1984). Although resources 

have not been structurally well-defined, they can be conceptualized in terms of supply 

and demand. As performance on one or more tasks increases the demand for 

resources, the supply of resources is diminished for use in other tasks. The relationship 

between resource supply and demand is what determines task performance. In some 

cases, the resource demands do not exceed the resource supply. In such cases, task 

performance is not affected. More commonly though, resource demands do exceed 

resource supplies and performance on one or more tasks suffers. 

Single Resource Theories 

One of the early resource theories, put forth by Kahneman (1973), proposed that 

the brain has a single pool of resources available for the performance of tasks. 

According to his theory, task performance is dependent on how resources within this 

limited-capacity pool are allocated. That is, two tasks cannot be completed 

simultaneously at the same rate, so the duration and difficulty of the tasks being 
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performed predicts the presence and degree of interference (Hazeltine, Ruthruff, & 

Remington, 2006; McLeod, 1977). As such, single resource theories are classified as 

content-independent, because interference is the result of generic limitations of a 

system in performing two tasks, rather than the content of information being processed. 

Multiple Resource Theories 

An alternative to this single resource view are multiple resource theories first 

proposed by Allport and colleagues (1972) and Navon and Gopher (1979). Multiple 

resource theories were developed due to weaknesses in single resource theories, such 

as the inability to explain perfect time-sharing between tasks and different degrees of 

interference that are unrelated to manipulations of task difficulty and task modalities 

(Wickens, 1984).  

In contrast to a general resource pool approach, multiple resource theories hold 

that the brain is comprised of multiple processors that function more or less 

independently (i.e., each processor has its own resources that can be shared by several 

tasks). A later version of this theory, proposed by Wickens (1984), took that idea one 

step further and suggested that there are separate processors for modalities (i.e., visual 

and auditory), codes (i.e., spatial and verbal), stages (i.e., encoding/processing and 

responding) and responses (i.e., manual and vocal), all served by different brain 

regions. According to multiple resource theories, performing two tasks that utilize 

different processors will result in less interference than two tasks that utilize the same 

processors. As such, task similarity predicts the degree of interference (McLeod, 1977). 

Multiple resource theories are classified as content-dependent because interference is 

the result of the structure, modality, and content of information being processed, rather 

than generic limitations of a system in performing two tasks. Multiple resource theory 
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offers an explanation for the findings in Experiment 1, which required simultaneous 

finger tapping and word generation. 

Findings from Experiment 1 

In Experiment 1 we found dual task costs (i.e., decreases in time on task and 

decreased total task output) during both the Semantic-Motor and the Semantic-Other 

conditions, although the costs were significantly greater in the latter. This interference is 

predicted by utilization of resources for word production and tapping (see Figures 7-1 

and 7-2). That is, both word production and finger tapping share resources from “stage” 

processors due to the requirement of a response and from “response” processors due 

to utilization of verbal and manual responding, resulting in a demand for sharing 

resources when these two tasks are performed concurrently. This resource sharing 

readily describes the dual task effects found in the Semantic-Other condition; however, 

this does not account for the finding of the significant difference in dual task costs 

between Semantic-Motor and Semantic-Other conditions. 

The finding that Semantic-Motor and Semantic-Other conditions were differentially 

affected under the dual task condition suggests that continuous tapping and motor word 

production were facilitative in the Semantic-Motor condition. We propose that the dual 

task effects observed in the Semantic-Other condition represents baseline dual task 

effects of generating words while tapping and that the performance in the Semantic-

Motor condition was facilitated by semantic priming between finger tapping and 

semantic-motor word production. As such, the primary difference between Semantic-

Other and Semantic-Motor conditions was that MR words activated semantic-motor 

representations in the brain. Multiple resource theories do not take into account effects 

of semantic priming, or the influence of the meaning of one word on subsequent 
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retrieval of a semantically related word. In this case, both hand movement and hand 

word production were facilitated relative to the unrelated Semantic-Other condition, 

suggesting that facilitation was due to semantic priming. This interpretation is further 

supported by the findings of Experiments 2 and 3 in which finger tapping and MR word 

production served as primes for language and motor production, respectively. 

In summary, we demonstrated that continuous, concurrent tapping and word 

production activated semantic-motor representations which facilitated performance in 

both tasks. The dual task cost observed in both the Semantic-Motor and Semantic-

Other conditions is predicted by multiple resource theory, but the advantage for tapping 

and word production in the Semantic-Motor condition is predicted by semantic priming. 

These findings are consistent with the hypothesis that language and motor systems are 

capable of reciprocal activation. 

Picture-Word Interference Effects 

A common method for investigating interactions between attention, semantic 

representations, and language production is the picture-word interference paradigm in 

which individuals name pictures while ignoring written word distractors. It has been 

demonstrated that when word distractors are presented along with a picture, RT for 

naming the picture is increased. It has also been demonstrated that the degree of 

interference depends on the degree to which the target (i.e., picture) and distractor (i.e., 

word) are related (for a review see MacLeod, 1991). That is, when the target and 

distractor are semantically related (e.g., dog-cat) there is greater interference than when 

the target and distractor are unrelated (e.g., dog-cloud). 

In Experiments 2 and 3 we investigated the reciprocality of semantic-motor 

representations on language-and motor production tasks. We employed variations of 
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the picture word paradigm in both experiments. In Experiment 2 we used semantic 

primes to investigate the effect of semantic-motor representations on motor production. 

In this experiment, pointing to a circle on a computer screen was the target and MR and 

VR word primes served as related and unrelated distractors, respectively. In Experiment 

3, we used a motor prime to investigate the effect of motor production on semantic-

motor word representations. In this experiment, MR words and VR words served as 

targets and finger tapping (i.e., the motor prime) served as the distractor. The motor 

prime was treated as a semantic prime capable of activating categorically related 

semantic-motor representations. 

Findings from Experiment 2 

In Experiment 2 we demonstrated that MR word primes behaved like categorically-

related distractors. Engagement of the motor system via these primes resulted in 

significant interference with pointing to a fixed target at a short delay and significant 

facilitation at a longer delay. Additionally, VR word primes behaved like unrelated 

distractors that did not engage the motor system and thus did not significantly affect RT 

for pointing to a fixed target. We proposed that the observed increase in RT for VR 

words relative to baseline resulted from switching from a verbal to motor task rather 

than engagement of the motor system. These findings are consistent with semantic 

interference effects observed in the picture-word interference paradigm. Additionally, 

the finding that MR words influenced pointing to a target suggests that activation of a 

specific semantic-motor representation may not be necessary to influence motor 

production. That is, the semantic word prime yielded low-level activation of the motor 

system sufficient to influence motor production. We interpret the findings of Experiment 
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2 as supporting evidence for our prediction that activation of semantic-motor 

representations through language can affect motor production. 

Findings from Experiment 3 

In Experiment 3 we demonstrated that finger-tapping as a motor prime behaved 

like a categorically-related semantic prime. In the VR word condition, the motor prime 

was an unrelated distractor, and thus represents the simple effect of having to stop 

tapping and produce any word. However, relative to performance in the VR word 

condition, we found interference at a short delay and facilitation at a longer delay for MR 

word production. These findings are also consistent with semantic interference effects 

observed in the picture-word paradigm. Additionally, the finding that tapping influenced 

production of MR words suggests that engagement of the motor system need not be 

symbolic to facilitate MR word production. That is, the motor prime yielded low-level 

activation of the motor system sufficient to influence word production. We interpret the 

findings of Experiment 3 as supporting evidence that engagement of the motor system 

can affect motor-related language production. 

In summary, we demonstrated the existence of reciprocal interactions between 

semantic and motor representations on sequential language-and motor production 

tasks. Additionally, we confirmed that finger tapping and MR words can be used as 

categorically-related primes capable of influencing language and motor systems, 

respectively. The standardization and counterbalancing of our two stimuli sets suggests 

that our effects were not attributable to psycholinguistic variables known to influence RT 

for naming, such as concreteness (Strain, Patterson, & Seidenberg, 1995) and 

familiarity (Connine, Mullennix, Shernoff, & Yelen, 1990). Rather, they were based on 

the sensorimotor properties of our words. 
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Summary of Findings from Experiments 1-3 

While the three experiments that comprised our study were orthogonal, the 

effects obtained are complimentary and contribute evidence in support of our 

hypotheses. Experiment 1 supported language-motor interactions in a continuous, 

concurrent paradigm. Dual task effects of tapping and word production to motor –related 

categories were not as great as dual task effects of tapping and word production to non-

motor related categories. These findings suggest it is possible to simultaneously engage 

semantic-motor representations via language and motor production and that this 

simultaneous engagement can be facilitative in nature. Experiments 2 and 3 supported 

language-motor interactions in sequential production paradigms. Experiment 2 showed 

that activation of semantic-motor representations via MR word primes can lead to 

interference or facilitation of a motor production task depending on the delay. Similarly, 

Experiment 3 showed that activation of semantic-motor representations via a motor 

prime can lead to interference or facilitation of MR word production depending on the 

delay. Since these effects were not observed in the VR condition, we interpret this as 

evidence that language-motor interaction was unique when semantic-motor 

representations were activated. 

It is interesting to note the nature of the language-motor interactions observed in 

Experiments 1-3. Experiments 2 and 3 consistently yielded interference at short delays 

and facilitation at long delays for motor and language tasks in the MR word conditions, 

respectively. However, Experiment 1 yielded only facilitation for both the motor and 

language tasks in the Semantic-Motor condition. It may be that Experiment 1 mimicked 

the longer delay condition of Experiment 3 and that tapping for longer periods of time 

allowed for automatization of the motor behavior (i.e., selection of the response had 
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occurred, the motor program was executed, and the pattern only needed to be 

maintained). Thus, tapping became an automatic process that resulted in low-level 

activation of the motor system sufficient to facilitate motor-related words. However, a 

similar explanation cannot account for facilitation of tapping performance. 

To explain the finding of facilitation for tapping, we propose a variation of the 

redundancy signal effect. The redundancy signal effect is a phenomenon whereby RT’s 

and response force are faster in the presence of redundant cues relative to single cues 

(Giray & Ulrich, 1993). It is possible that tapping was speeded in the Semantic-Motor 

condition as a result of redundant cues. That is, continuous tapping served as one cue 

and continuous generation of motor-related words served as another cue, and that this 

redundant cueing of the motor system facilitated tapping performance. This type of 

advantage is similar to cross-talk facilitation, which has been demonstrated when 

semantic cues are presented simultaneously during a task requiring verbal and manual 

responding (Logan & Schulkind, 2000). This explanation of our results is supported by 

the finding that semantic-motor word primes and motor primes were capable of 

facilitating performance in Experiments 2 and 3. However, redundancy signal effects 

and cross-talk facilitation have only been investigated in experimental paradigms 

utilizing RT, response force and accuracy as dependent variables. As such, further 

investigation would be necessary to obtain empirical support for this explanation of 

facilitation of tapping in the Semantic-Motor condition of Experiment 1. 

Nonetheless, Experiments 1-3 support our hypotheses that language production 

is sufficient to engage the motor system and that motor engagement is sufficient to 

influence language production. They also support our hypothesis that the nature of 
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language-motor interaction is determined by the temporal dynamics of the task. As 

such, this contributes support for an overlap in anatomical regions that support 

language production and motor production. 

Implications for Theories of Semantic Memory 

Our findings are difficult to reconcile with amodal theories of semantic 

representation, which suggest that semantic memory consists of abstract 

representations. According to this class of theories, concepts are not stored in 

sensorimotor regions. As such, amodal theories in their current state cannot account for 

the facilitation of tapping and word generation in the Semantic-Motor condition of 

Experiment 1, nor can it account for the finding of a significant influence of MR word 

primes on pointing in Experiment 2 or the significant influence of a motor prime on MR 

word production in Experiment 3. 

Instead, our findings regarding the effect of semantic-motor representations on 

language and motor production extend the current research in support of sensorimotor 

theories (e.g., semantic representations are stored according to their sensorimotor 

features) and theories of embodied cognition (e.g., concepts are grounded in one’s 

interaction with the world). Specifically, we were able to demonstrate that semantic 

representations maintain their sensorimotor states and that these sensorimotor states 

are active during language and motor production. In our study, the use of semantic 

primes such as “pencil” and “write”, were shown to differentially engage the motor 

system relative to semantic primes such as “flower” and “bloom”, which do not have a 

human motor component. Additionally, the use of finger-tapping as a motor prime was 

shown to differentially affect production of words associated with human motor 
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performance (e.g., pencil and write) and generation of words to human motor-related 

categories (e.g., things you do with your hands) relative to words with a higher 

weighting of visual salience (e.g., flower and bloom) and categories not related to the 

human motor system (e.g., cities). As such, our results demonstrate reciprocality of 

effects between language and motor systems during concurrent and sequential task 

production tasks, which can be accounted for by sensorimotor theories and embodied 

cognition. 

One caveat is that our experiments were not designed to elucidate the underlying 

nature of activation in the motor system during semantic processing (i.e., we cannot 

state that motor activation was due to mental simulation associated with the action 

relevant to the target word). Our study also does not allow us to answer the critical 

question of whether activation of semantic-motor representations is both necessary and 

sufficient for production. However, our results are consistent with neurophysiological 

studies demonstrating a strong association between language and motor systems in 

perception and production tasks (Boulenger, et al., 2006; Esopenko, et al., 2008; Hauk, 

et al., 2004; Hauk & Pulvermuller, 2004; Nazir, et al., 2008). While we can argue that 

semantic activation of motor-related concepts was sufficient to engage the motor 

system, and that motor activation was sufficient to engage the language system, we are 

not able to make claims about whether this activation is necessary for motor production 

or word production in the context of semantic-motor representations. 

Implications for Individuals with Neurologic Disease 

Language-motor interactions like the ones demonstrated in our study have 

implications for language and motor deficits in neurologic populations. The inherent link 



 

76 

between language and motor systems can be used to develop novel rehabilitation 

approaches for individuals with aphasia and other neurologic disease affecting 

language and motor production. Indeed, some researchers have already begun to 

exploit language-motor interaction in their rehabilitation approaches and findings 

suggest that facilitation of language via the motor system is not restricted to use of 

symbolic hand gestures. 

Hanlon and colleagues (1990) demonstrated that activation of the motor system 

via nonsymbolic gestures produced with the right hand influenced word retrieval in 

individuals with aphasia. However, some patients with aphasia have co-occurring 

hemiplegia restricting use of the right hand to initiate any type of gesture. Importantly, 

Experiment 1 of our study showed that activation of language via the motor system via 

finger tapping was not dependent on use of the right hand, suggesting that individuals 

with aphasia and right hemiplegia may be able to use the left hand to stimulate 

language. This has been demonstrated in several studies that employed the use of a 

nonsymbolic gesture performed with the left hand to improve naming ability in patients 

with nonfluent aphasia (Crosson, 2008; Crosson, et al., 2007). Although the approach 

developed by Crosson and colleagues sought to engage right hemisphere attentional 

mechanisms to improve naming, it is possible that activation of the motor system 

provided an added benefit to retrieval of words associated with human motor action. 

Additionally, coupling of action and language production during intensive language 

therapy has yielded positive results, highlighting the importance of practicing language 

in action contexts (Pulvermuller & Berthier, 2008). 
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In summary, our study yielded two findings that may be relevant to rehabilitation of 

deficits in individuals with aphasia and limb apraxia. First, we demonstrated that both 

right and left hand finger tapping activated semantic-motor representations influencing 

the production of motor-related words. Secondly, we demonstrated that motor 

production need not be symbolic to facilitate MR word production under some 

conditions (i.e., at longer delays and during continuous, concurrent production tasks). 

Further investigation into the applicability of these findings for treatment of verb 

production deficits and action production deficits is warranted. Additionally, continued 

investigation into the nature of language-motor facilitation in healthy individuals and 

those with neurologic disease is necessary to gain a better understanding of this 

phenomenon and realize its full potential in rehabilitation. 

Considerations for Future Research 

The results of this study provide support for the interaction of language and motor 

systems during various semantic-motor tasks showing that these systems can facilitate 

or interfere with production depending on temporal dynamics. However, there is much 

to be learned about the nature of this interaction (i.e., the flow of information between 

these two systems). Research addressing the following questions would extend the 

findings of our study and contribute to current knowledge regarding the functional links 

between language and motor systems: 

• What is the time course of language-motor interference and facilitation in 
production tasks? This question can be addressed by utilizing a variety of SOA’s 
within the range of those employed in our study to define where interference ends 
and facilitation begins. 

• Do semantic primes and motor primes result in spreading activation throughout the 
relevant systems or is activation specific to the effector? This question can be 
addressed by including different effectors for the motor prime (i.e., feet) and 
different motor-related word categories (e.g., words associated with foot actions). 
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• Do the language-motor effects observed in this study occur beyond the word 
production level? This question has been addressed in perception studies 
(Buccino, et al., 2005; Tettamanti, et al., 2005) but use of sentence level stimuli in 
a production paradigm would extend the research and broaden the applicability of 
the findings to functional language production. 

• Do the language-motor effects observed in our study generalize to older adults? 
We chose to include only younger adults in our sample due to changes in motor 
performance and psychomotor performance with age. However, investigation of 
the effects of semantic-motor representations on language and motor production 
in older may provide valuable on how language and motor system interaction 
changes with age. 

•  Do the language-motor effects observed in our study generalize to individuals with 
language and motor system deficits (e.g., stroke Parkinson’s disease)? A better 
understanding of this interaction in compromised systems would contribute 
valuable information to current theories of semantic memory and potentially inform 
the development of new treatment approaches. 

Conclusion 

The three experiments that comprised our study demonstrated that language and 

motor systems interact during continuous, concurrent as well as sequential production 

tasks in the context of semantic-motor representations. Thus, our results demonstrate 

that semantic representations maintain their sensorimotor states, and that activation of 

these sensorimotor representations can be primed via both the language and motor 

system. Thus, our study supports the hypothesis of reciprocality in language-motor 

system interaction and contributes to the evidence in favor of sensorimotor theories and 

theories of embodied cognition. 
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Figure 7-1. Schematic depiction of multiple resource pools used for word production. 

 
 
 
 
 
 
 

 
 

Figure 7-2. Schematic depiction of multiple resource pools used for finger tapping. 
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APPENDIX A 
INSTRUCTIONS FOR PARTICIPANT RATINGS OF WORD STIMULI 

Familiarity 
You are asked to use the rating scale (1-7) found next to each word to indicate how 
familiar you are with the word, where 1=not at all familiar with the word and 7=extremely 
familiar with the word. Please circle one number to indicate your judgment of the word’s 
familiarity. 
 
Example:    1 2 3 4 5 6 7 

Not at      Extremely 
all familiar     familiar 

 
  Appear  1 2 3 4 5 6 7 

Cup   1 2 3 4 5 6 7 
Grass   1 2 3 4 5 6 7 

 
Concreteness 
You are asked to use the rating scale (1-7) found next to each word to indicate the 
concreteness of the word. Concreteness is defined as how well you are able to see, 
touch, or manipulate what the word represents, where 1= not at all able to see, touch, or 
manipulate and 7=extremely able to see, touch or manipulate. Please circle one number 
to indicate your judgment of the word’s concreteness. 
 
Example:    1 2 3 4 5 6 7 

Not at      Extremely 
all able      able  

 
  Appear  1 2 3 4 5 6 7 

Cup   1 2 3 4 5 6 7 
Grass   1 2 3 4 5 6 7 

 
Dominant Grammatical Class 
You are asked to circle either noun or verb depending on whether you associate the 
word more strongly as a noun (object) or a verb (action/event). Please circle only one 
grammatical class for each word. 
 
Example:  

Appear: Noun  Verb 
  Cup:  Noun  Verb 
  Grass:  Noun  Verb 
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APPENDIX B 
PSYCHOLINGUISTIC CHARACTERISTICS OF STIMULI IN SETS 1 AND 2 

    Concreteness* Familiarity*  Grammatical Class** 
SET 1 Motor Nouns 

needle  6.5   6.3   10 
lid  6.6   6.6   10 
arrow  6.8   5.9   10 
pliers  6.7   5.7   10 
razor  6.7   6.8   10 
knob  6.8   6.5   10 
flute  6.9   5.9   10 
fork   6.9   7.0     9 
pen  6.9   7.0   10 
wrench  7.0   6.4   10 
ball  7.0   6.7   10 
knife  7.0   6.8   10 

SET 2 Motor Nouns 
blade  6.6   6.7   10 

  key  6.6   7.0   10 
  dart  6.7   5.8   10 

comb  6.7   6.9     9 
  axe  6.8   5.8   10 
  hammer 6.8   6.4   10 
  spoon  6.8   7.0   10 
  sword  6.9   6.0   10 
  gun  7.0   5.8   10 

zipper  7.0   6.8   10 
cup  7.0   6.9   10 

  pencil  7.0   7.0   10 
SET 1 Motor Verbs 

knock  4.1   6.7   10 
turn  4.2   6.7   10 
tap  4.3   5.8     9 
erase  4.4   6.7   10 
sew  4.5   6.0   10 
push  4.5   6.6   10 
wrap  4.6   6.3   10 
fold  4.6   6.5   10 
pour  4.7   6.9   10 
carve  4.8   6.0   10 
chop  4.8   6.5   10 
point  5.3   6.7     9 

SET 2 Motor Verbs 
cut  4.2   6.7   10 

  dig  4.2   7.0     9 
  poke  4.4   3.6   10 

grab  4.4   6.6   10 
  lift  4.5   6.6   10 
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    Concreteness* Familiarity*  Grammatical Class** 
  pull  4.5   6.8   10 
  shave  4.6   6.1   10 
  rub  4.6   6.9   10 
  stir  4.7   6.2   10 
  tug  4.7   6.5     9 
  type  4.7   6.9   10 
  wipe  5.1   6.9   10 
SET 1 Visual Nouns 

lion  6.6   6.1   10 
lake  6.6   6.8   10 
beach  6.6   6.8   10 
nest  6.7   6.0     9 
tiger  6.8   6.1   10 
leaf  6.8   6.9   10 
pig  6.9   6.4   10 
bee  6.9   6.5   10 
tree  6.9   7.0   10 
olive  6.9   6.8     9 
pea  7.0   6.7   10 
apple  7.0   7.0   10 

SET 2 Visual Nouns 
lawn  6.6   6.6   10 

  zebra  6.7   6.2   10 
  pool  6.7   6.7   10 
  ocean  6.7   6.9   10 
  frog  6.8   6.5   10 
  flower  6.8   6.6     9 
  door  6.8   6.9   10 
  plum  6.9   6.4   10 
  turtle  6.9   6.5   10 
  parrot  6.9   6.5   10 
  lime  7.0   6.3   10 
  grass  7.0   7.0   10 
SET 1 Visual Verbs 

warp  2.9   5.6   10 
  fade  3.2   6.3   10 
  launch  3.3   6.0   10 

rot  3.4   6.2     9 
  glow  3.7   6.2     9 
  sizzle  4.0   5.6   10 
  peck  4.0   6.0   10 
  graze  4.0   6.1   10 

freeze  4.0   6.6     9 
bleed  5.1   6.6     9 

  dry  4.1   6.7     9 
  drip  5.9   6.9   10 
SET 2 Visual Verbs 

seep  3.1   5.3   10 
  burst  3.3   5.9   10 
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    Concreteness* Familiarity*  Grammatical Class** 
  erupt  3.6   5.7   10 
  bloom  3.6   6.3     9 
  thaw  3.7   6.3     9 
  grow  3.8   6.5   10 
  simmer 4.0   6.4   10 
  wag  4.1   6.3   10 
  boil  4.5   7.0   10 

melt  4.6   6.4     9 
burn  4.6   6.7     9 

  brew  4.8   6.4     9 
*Mean rating of 10 individuals using a 7-point rating scale 
**Number of individuals out of 10 who rated grammatical class as listed 
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APPENDIX D 
DESCRIPTION OF NONWORD STIMULI SELECTION 

Experiments 2 and 3 required the inclusion of nonwords in the stimuli sets. While 

the selection of these words was not part of the standardization study described above, 

the selection process was systematic. Nonwords were extracted from the English 

Lexicon Project (ELP) online database which contains 40,481 nonwords (Balota, et al., 

2007). The ELP database was queried for nonwords that were three to six letters in 

length. A list of over 11,600 nonwords was returned along with mean accuracy for 

naming. A total of 96 nonword stimuli were chosen that fit the following criteria: 

• Mean accuracy for naming above 97% 
• Phonologically plausible in the English language 
• No more than two syllables in length 
• No suffixes indicating plurality or tense 
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