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The brain is wider than the sky 
For, put them side by side,

The one the other will contain 
With ease, and you beside.

The brain is deeper than the sea. 
For, hold them, blue to blue. 

The one the other will absorb.
As sponges, buckets do.

The brain is just the weight o f God, 
For heft them pound for pound. 
And they will differ, i f  they do. 

As syllable from sound.

- Emily Dickinson
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ABSTRACT

This thesis uses PET to investigate the neural systems mediating praxis and language. 

These are cognitive functions that can be dissociated in brain damaged patients, but 

more commonly they are both compromised in the same patient - suggesting that either 

their neural correlates are anatomically contiguous, or that they share cognitive and 

neural sub-processes. The five experiments comprising this thesis, attempt to 

characterise the neural correlates of the ideational component of praxis and how it is 

related to language, in particular, semantic memory.

Experiments 1-3 attempted to distil the cognitive sub-components of praxis by 

segregating the neural systems mediating semantic and visuo-spatial strategies for 

action. Subjects were asked to retrieve actions cued by either words (object names) or 

pictures of objects. This involved deciding whether the stimulus should be ‘twisted’ 

(e.g. a cork-screw) or ‘poured’ (e.g. a jug). Activation was revealed in left anterior 

temporal cortex (BA 38 and 20) for semantically driven action, and left middle occipital 

cortex (BA 19) for actions cued by visual structure. The left inferior frontal (BA 45/44) 

and posterior middle temporal (BA 21/37) cortices were activated for retrieving actions 

regardless of stimulus type.

Experiment 4 examined the relationship between praxis and semantic memory 

by comparing the neural regions involved in processing tool and fruit stimuli, and in 

retrieving action and object size. A region of activation common to action retrieval and 

tool processing was revealed in the left posterior middle temporal gyrus (BA21/37), 

supporting the theory that tool-like objects are semantically categorised on the basis of 

their propensity for action.

Experiment 5 compared the neural activation for retrieving vocal and manual 

learned actions. It was hypothesised that the inferior frontal gyrus (BA 44 and 45)



would be involved in retrieving both newly-leamed and well-learned, vocal and manual 

actions. The results suggested that only newly-leamed action retrieval involves amodal 

neural regions, with activation in the inferior frontal sulcus and left anterior insula. In 

contrast, well-learned actions activated regions that were specific to either the vocal 

(inferior frontal gyms, BA 44) or manual (inferior parietal sulcus) modalities.

Thus Experiments 1-4 suggested neural correlates for semantic and visual routes 

to action, and revealed the left posterior middle temporal gyrus as the focus of the 

collaboration between the semantic system and the action system. Experiment 5 

suggested that the intraparietal sulcus, revealed for manual well-learned actions, is 

involved when action retrieval is not verbally mediated. This thesis uses these results to 

frame the cognitive models of praxis in anatomical terms.
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CHAPTER 1: GENERAL INTRODUCTION

1.0 Overview

This thesis uses functional neuroimaging to draw correlations between the neural 

anatomy and cognitive components of praxis and language. The relationship between 

praxis and language is not well-defined. It has been observed that left hemisphere 

damage (in right-handed individuals) can lead to the co-occurrence of linguistic and 

praxis deficits (e.g. Kertesz, 1985), yet these functions also dissociate (e.g. Liepmann 

1988 in 1920). These observations suggest that praxis and language functions are 

anatomically congruous and may share cognitive sub-components - issues that I hope to 

clarify in this thesis.

Praxis is a term used to describe the set of cognitive functions that enable the 

upper limbs to perform complex object-oriented actions, for example object usage. 

Once leamed, these actions can be retrieved in response to the appropriate visual, 

verbal, or symbolic stimulus. Apraxic patients are impaired in their usage of objects and 

responses to verbal or symbolic cues. Consequently they have difficulty coping with the 

tasks of daily life. Language (defined restrictively) involves using spoken and written 

words and symbols to represent objects, actions, and concepts. It requires many 

interactive cognitive sub-functions, including the semantic memory system which stores 

and retrieves representations and associations.

Semantic memory is required in some praxis tasks, for example the ability to 

transcode a verbal message into a format for action (“show how you would use a 

hammer”) relies on understanding the meaning of words. However, semantic processes 

may not be necessary to the praxis system when the stimulus is a visually presented 

object. For example, selecting a tool to stir one’s coffee could be achieved by analysing 

its visuo-spatial stmcture: the visual structure of a pen “affords” stirring, despite 

semantic memory informing us that a pen is for writing. This suggests that separable
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semantic (driven by words) and non-semantic (driven by visual structure) routes or 

strategies for praxis may exist. Such a dichotomy has been proposed on the basis of 

reports of patients who apparently use only one of these strategies to formulate an action 

response (e.g. Riddoch and Humphreys 1987; Riddoch et al. 1989; Pilgrim et al. 1991; 

Sirigu et al. 1991). That these routes to action must also collaborate is apparent from 

anecdotal reports of patients in whom identification of a visual object is aided through 

gesturing its use (Sirigu et al. 1991; Riddoch and Humphreys 1987; Magnié et al. 1999). 

Thus, the extent to which semantic and non-semantic elements of praxis are 

independent of one another is unclear.

Functional neuroimaging might provide a biological basis for dichotomous 

routes to action, and clarify the extent and means by which they interact. Through 

neuroimaging, the experiments reported in this thesis investigate how semantic 

processing is involved in praxis tasks, and whether the praxis system possesses a 

segregated conceptual processing system distinct from linguistic semantic memory. The 

experiments also investigate the evidence for dual dissociable routes relating to 

semantic and visuo-spatial strategies for action responding, and attempt to delineate the 

circumstances in which action generation relies on semantic memory more than visuo- 

spatial processing or vice-versa.

This introduction aims to set these questions into their scientific context. It 

begins with a review of the classical neuroanatomical (Section 1.1), and contemporary 

neuropsychological (Section 1.2) models of praxis. Neuroanatomical and cognitive 

models of linguistic processing with particular emphasis on semantic memory are 

summarised in Section 1.3 and Section 1.4. Section 1.5 discusses the interaction 

between visuo-spatial and semantic processes during praxis; and Section 1.6 formulates 

a speculative model, based on the reviewed models of semantics and praxis, from which
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the experimental questions in this thesis are derived. The relevant functional 

neuroimaging literature is collated and reviewed in Chapter 2.

1.1 Neuroanatomical models of praxis

The apraxias have been defined as disorders of the execution of learned movement 

which cannot be accounted for by weakness, incoordination, sensory loss, or the 

inability to comprehend and pay attention to commands (Geschwind and Damasio 1985; 

Marsden 1998). This definition seems so exclusionary, that it seems questionable that 

these disorders exist. Perhaps for this reason, the first investigators of disordered praxis 

treated it as a semantic disorder and failed to recognise it as autonomous from the 

aphasias. In 1873, Finkelnburg (Duffy and Liles 1979) attributed praxis deficits to an 

‘asymbolia’, a general impairment in producing and understanding symbols. Wernicke 

(according to Liepmann, 1980 in 1920) was later to separate this collection of 

syndromes into aphasia and asymbolia, assuming asymbolia to be due to the loss of 

‘memory images’ including those related to the utilisation of objects. Later, Meynert (as 

reported by Liepmann 1980; 1920) was to distinguish between sensory and motor 

asymbolia, the latter of which became what is now referred to as apraxia. This debate 

over whether apraxia and aphasia are both disorders of a symbolic/semantic nature is by 

no means resolved (see Duffy and Duffy 1990; Duffy and Pearson 1975; Kempler 1988; 

Square-Storer et al. 1990).

The important advances in establishing apraxia as an autonomous syndrome were not 

made until the beginning of the twentieth century and the work of Hugo Liepmann. 

Liepmann realised the range of the apraxias through investigation of patients and their 

deficits. He tried to establish the apraxias as a set of syndromes independent from the 

cognitive systems subserving both language and movement and then attempted to frame 

it in terms of brain anatomy.
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LIA  Liepmann ’s contribution

In 1900, Liepmann (1977) presented evidence suggesting that apraxia is not an 

asymbolia. His patient (the ‘civil councillor’) gave the impression that he was an 

‘imbecile’. He was unable to respond in any meaningful way, either verbally or through 

the use of his right hand. However, when forced to use his left hand, this patient could 

“ .. .prove by intelligent use ... that all of these seemingly absent abilities were in reality 

present” thus Liepmann demonstrated that vocal and gestural expression is dissociable. 

Another case (Ochs) reported by Liepmann and Maas (1907), indicated that gestural 

skills are lateralised to the left hemisphere. Ochs’ right arm and hand were hemiparetic 

but in addition, he could not carry out commands with his left hand although he had no 

left-sided motor deficit. Post-mortem examination later explained the right hemiparesis, 

(a lesion of the left basal pons), but there was also a lesion of the corpus callosum. 

Liepmann and Maas theorised that this callosal lesion isolated the left-hand motor 

structures (in the right hemisphere) from praxis control centres in the left hemisphere -  

implying that both left and right limbs are dependent on the left hemisphere praxis 

system.

Liepmann (1905, 1980) then tried to conclusively show that the left hemisphere 

is the substrate of praxis. In 1905 (1980) he reported an investigation of eighty-three 

patients who either had right hemisphere or left hemisphere lesions. These patients were 

tested on their ability to pantomime object use to (i) verbal command, (ii) while holding 

the object and (iii) when viewing but not holding the object. He found that none of the 

patients with left hemiparesis (and right hemisphere cortical lesions) were apraxic, but 

that about half of the right hemiparetics (with left hemisphere cortical lesions) were 

apraxic even when using the non-paretic left hand. These results confirmed Liepmann’s 

hypothesis that the left (or dominant) hemisphere houses the neural substrates of goal- 

directed movement. To summarise, Liepmann’s findings were that apraxia is an
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autonomous disorder of gestural communication, not an asymbolia, and that it is usually 

mediated by the left hemisphere.

Liepmann’s then tried to distill the components of this left hemisphere process. 

From observing patients he postulated that the left hemisphere praxis system is 

comprised of several stages (or what might now be called modules -  see Figure 1.1): (i) 

Movement ideas or formulae that are employed when a goal-directed action is 

consciously evoked and (ii) Innervatory patterns to specify the muscle groups needed 

and how they should be deployed. The movement ideas themselves, consisted of two 

components: ‘Kinetic engrams’ and ‘Extrakinetic engrams’. Kinetic engrams “ ...make

Figure 1.1.
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Figure 1.1. Liepmann’s conceptualisation of praxis processing. Lesion A causes ideational apraxia by 
damaging the kinetic/extrakinetic engrams or disconnecting them from each other. Lesion B causes 
ideomotor apraxia by damaging the innervatory patterns or disconnecting them from the movement 
ideas. Lesion C causes apraxias specific to sensory modality by interfering with the pathways from 
sensation to movement ideas.
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it possible to perform simple and often practised motions easily and well without 

consciousness having any idea of how they were done. ... the building blocks...of 

complex motions” (Liepmann, 1920, 1980). ‘Extra-kinetic engrams’ or the ‘ideational 

outline’ were primarily retrieved visual images of the time-space sequence of learned 

movements: “ we see and touch objects ; we see our own body parts make motions; the 

paths they take, the sequence, and the rhythms impress themselves"". To correctly use a 

limb requires interactions between Kinetic and Extrakinetic engrams: “ ...the brain 

learns to connect the extra-kinetic memory with the kinetic one and thus with the 

innervation point in such a way that the body parts perform the motions required by our 

purposes.” Thus the Extra-kinetic engram defines the sequence and the goal of the 

movement, and the Kinetic engram is responsible for the details of motor performance. 

Liepmann also suggested that the extra-kinetic engram, when evoked, takes precedence 

over the kinetic engrams “the purpose, the imagined, the desired goal rules the whole”, 

but he conceived of this goal in non-language terms as a visuo-motor memory. It took 

contemporary theorists to consider whether semantic-lexical knowledge could influence 

praxis.

I . IB Liepmann "s classification o f the apraxias

According to Liepmann, the apraxias could be categorised as ideational, ideomotor, and 

melokinetic. Melokinetic apraxia is a disorder of the melody of movements, especially 

those under proprioceptive control, however it is not relevant to this thesis and shall not 

be discussed further. Ideational apraxia (lesion A in Figure 1.1 A above) results from (i) 

loss of the kinetic engrams - the patient is unable to initiate the action due to loss of the 

building blocks; (ii) loss of the extrakinetic engrams -  the action becomes disorganised 

because there is no spatio-temporal outline; or (iii) damage to the connection between 

the kinetic engrams and the extrakinetic engrams -  motion is no longer directed by 

ideational outline. Therefore in ideational apraxia movement is impaired because the
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patient cannot construct an idea to guide it. Liepmann suggested that this would 

manifest as difficulty in initiating and sequencing actions.

In the case of ideomotor apraxia (lesion B in Figure 1.1 above) the ideational plan was 

thought to be preserved, but the movements were disrupted due to a disconnection 

between the ideational engrams and the innervatory patterns for implementing the 

movement. This would manifest as chaotic and inappropriate attempts to produce 

actions and gestures.

Figure 1.2

Figure 1.2. (a) Territory of melokinetic apraxia, (b) territory o f  ideomotor apraxia, (c) 
territory o f ideational apraxia. Taken from Liepmann (1977).

Finally the apraxias could be global or restricted to a specific sensory modality 

(lesion C in Figure 1.1 on the previous page), for example limited to verbal commands. 

Liepmann does not specify the anatomical correlates of this scheme. Indeed, he denied 

that there is such a thing as a praxis centre in the brain, proposing that damage to white 

matter tracts caused apraxia by interfering with connections between visual and 

premotor regions. Therefore he conceived of the individual units of praxis (the engrams) 

as ephemeral patterns of electrical activity rather than being materially located in parts 

of the cortex. However in Figure 1.2 above (from Liepman 1988 in 1920) he appears to 

contradict himself by localising the different apraxias to different areas of brain damage.
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“the further back (parieto-occipital) the lesion the more the apraxia has an ideational quality, the 

further forward, the more the apraxia has a melokinetic property, while ideomotor apraxia is 

brought about by intermediate parietal damage (supramarginal)” Liepmann (1920).

L i e  Geschwind’s contribution

Geschwind (1965) elaborated on Liepmann’s neuronal model of praxis in that where 

Liepmann had been vague, he specified distinct anatomical regions for the different 

levels of the model. He proposed that pantomiming an action in response to a heard 

verbal command requires the flow of information from the auditory association cortex 

(Heschl’s gyrus) to Wernicke’s area. Then this input is transferred via the arcuate 

fasciculus to the premotor cortex for the control of right-handed movements (see Figure 

1.3A). For left-hand movements, information must flow from the left premotor to the

Figure 1.3A. Figure 1.3B.
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Figure 1.3 A. Geschwind’s neuroanatomical model o f praxis. The left hemisphere o f the human brain 

showing the pathway (red) used in the performance of motor acts by the right limbs and the cranial 

muscles in response to verbal commands and when imitating an examiner’s actions. The precentral 

gyrus contains the classical motor cortex. The pyramidal motor system descends from precentral gyrus 

to brainstem. Figure 1.3B. (modified from Geschwind 1975) The human brain viewed from above 

showing the intrahemispheric callosal pathways (dominant left in red, right in black) used in carrying 

out movements with the right or left limbs (according to Geschwind, 1965,1975).
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right, via the corpus callosum (Figure 1.3B).

Therefore according to Geschwind’s schema, lesions of the arcuate fasciculus 

(underlying the supramarginal gyrus) would result in apraxia to verbal command by 

disconnecting the posterior language areas from the premotor cortex. Because 

Wernicke’s area is itself spared, patients are able to understand commands, and because 

visual-premotor pathway is preserved they should still be able to imitate gesture -  

however Geschwind observed that some patients could not imitate gesture. To account 

for this discrepancy, he proposed that fibres from the visual association cortex (occipital 

lobe) also pass through the arcuate fasciculus where a lesion would impair both gesture 

to command and imitation. However, the limitation of this model is that it is difficult to 

explain why such patients are also impaired when handling objects (De Renzi et al. 

1982,1988; Poizner et al. 1989) as there is little evidence to suggest that somaesthetic 

input is also relayed in the arcuate fasciculus.

L ID  Heilman's contribution

Heilman et al., (1982) and Rothi et al. (1985) tried to resolve Geschwind’s conundrum 

by hypothesising that the engrams of praxis are materially located in cortical tissue.

Figure 1.4.

Figure 1.4. Heilman et al. schema o f the 

praxis system. The anterior inferior 

parietal stores ‘visuokinesthetic’ 

engrams that can be accessed by each 

sense modality independently. LH, left 

hemisphere; RH, right hemisphere; CC, 

corpus callosum; VA, visual area; 

VAA, visual association area; AG, 

angular gyrus; W, Wernicke’s area; 

SMG, supramarginal gyrus; PM, 

premotor area, M, motor area. Taken 

from Heilman et al. G 982).
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More specifically, Heilman and his colleagues proposed that the kinetic engrams o f 

Liepmann’s model (or visuokinesthetic engrams as they called them) are located in the 

supramarginal gyrus o f  the dominant parietal cortex.

Placing visuokinaesthetic engrams in the parietal cortex allowed the construction o f a 

neuroanatomical model that could account for modality specific disorders in terms o f 

independent disconnection o f the sensory association areas (W ernicke’s area and visual 

association cortex) from the supramarginal gyrus. Ideomotor apraxia could be explained 

in terms o f disconnection o f the visuokinesthetic engrams in supramarginal gyrus from 

the premotor cortex (see Figure 1.4). However, ideational apraxia cannot be 

differentiated from ideomotor apraxia on the basis o f this model which conflates 

Extrakinetic and Kinetic engrams as visuokinaesthetic engrams -  over-looking 

Liepmann’s distinction between the consciously mediated and ‘autom atic’ elements o f 

action generation.

L I E  Classification o f  apraxia post-Liepmann

Although neurologists still diagnose apraxias as ideomotor or ideational, the definitions 

o f these disorders have evolved. Ideomotor apraxia is still defined as a disorder in 

which patients fail to implement the mental representation o f a motor programme that 

specifies the correct innervation o f the muscles but this does not necessarily entail 

disorganised movement. The current conception o f ideomotor apraxia is that the idea o f 

the action is maintained but poorly performed, because the shape, order and spatial 

features o f the action may be distorted. This can be grossly evident (such as when a 

body part is used as an object), or more subtle and evident only with detailed analysis o f 

movement kinematics (Poizner et al. 1990,1995).

The definition o f ideational apraxia is not so well-developed. Liepmann 

regarded it principally as a deficit in the sequencing o f actions in accordance with a 

goal. This is the view taken by Lemkuhl and Poeck (1980; 1981) who developed a test
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for ideational apraxia in which patients were asked to put a series of action-pictures (e.g. 

making tea) in the correct order or serially use several objects to perform an action. 

Those that failed this task but exhibited no other significant cognitive deficits were 

categorised as ideational apraxics. This definition was challenged by De Renzi and 

Lucchelli (1988), who tested a group of twenty left hemisphere damaged patients on 

serial action tasks, but found that the most common errors were in the use of single 

objects. De Renzi and Lucchelli regarded single object use errors, not sequencing errors, 

to be the defining feature of ideational apraxia.

LIFLesions associated with apraxia

Do apraxic patients show damage to the regions of the brain that Liepmann, Geschwind 

and Heilman hypothesised to be the neural mediators of praxis? Several groups of 

researchers have used modem imaging techniques to investigate this question.

The most comprehensive study of the anatomical correlates of apraxia was 

conducted by Faglioni and Basso (1985). These researchers compiled all the reported 

cases of ideomotor apraxia due to focal brain lesions. Their principle finding concerned 

the roles of the frontal and parietal cortices in apraxia. Faglioni and Basso (1985) 

reasoned that if, as Liepmann and Geschwind hypothesised, left parietal and frontal 

regions (or the connections between them) are equally important for praxis, then frontal 

brain damage should give rise to apraxia as often as parietal damage. However, their 

findings demonstrated that while parietal damage almost invariably results in apraxia 

there were considerably fewer “bona fide” cases of frontal ideomotor apraxia. Faglioni 

and Basso concluded that frontal lesions can cause apraxia but much less frequently and 

severely than parietal lesions -  a conclusion more in line with Heilmann et al.’s 

hypothesis.
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A more recent study conducted by Haaland et al. (2000) indicates a more 

important role for the frontal cortex in praxis. These researchers tested forty-one 

patients with left hemisphere damage on ideomotor tasks and found that regardless of 

whether the lesion is anterior or posterior, the same proportion of patients exhibited 

apraxic symptoms. Structural neuroimaging revealed that the most consistent areas of 

lesion were in the left intraparietal sulcus and middle frontal gyrus.

With regard to the involvement of other hypothesised praxis centres, Faglioni 

and Basso (1985) conclude that lesions to the angular gyrus, and the superior and 

middle temporal gyri, may contribute to apraxia but they were unable to verify the roles 

of these regions, as in the patient cases reported, there was also damage to the 

supramarginal gyrus.

However, none of these studies investigate praxis comprehensively, they focus 

on ideomotor apraxia. To my knowledge there are no similar investigations of the neural 

correlates of ideational apraxia, despite it being recognised as a separate syndrome.

1.2 Contemporary theories of praxis

To classify a patient as an ideational or ideomotor apraxic requires the clinician to test 

the patient’s ability to overtly perform an action. However apraxics also show 

impairments with tasks that do not require the overt performance of a gesture, and these 

observations have implied that a reformulation of the traditional models of the praxis 

system is necessary. Examples of such impairments range from errors in matching a 

picture of an object to the appropriate gesture (e.g. Rothi et al. 1985), to difficulty in 

ordering series of pictures depicting a task (Lemkuhl and Poeck 1981), to problems in 

categorising objects according to how they are manipulated (Buxbaum and Saffran 

1998).
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Some of these deficits may be due to impaired ability to access semantic 

knowledge about objects and actions. For example, semantic processes are required 

when meaning must be extracted from a verbal or written command but are not 

necessary for object usage when the visuo-spatial structure of an object may ‘afford’ an 

action

The concept of an ‘affordance’ was originally derived from Gestalt philosophy 

which suggested that objects have an action ‘valence’ or ‘invitation character’ which 

invite certain behaviours. Later the term ‘affordance’ was used in ecological 

psychology, Gibson (1979) wrote about ‘affordances’ when describing the action 

propensity of objects, and proposed that visual objects elicit actions via a direct ‘non- 

cognitive’ process. This process requires an object to possess a visuo-spatial syntax 

conducive to acting and separate from its identity or category “ to perceive an object is 

not to classify an object” (Gibson 1979). Contemporary models of praxis have used this 

Gibsonian definition of ‘affordance’ to describe the processes involved in non-semantic 

action generation and object usage.

There are two influential contemporary models of praxis. One (Roy and Square 

1985) separates the praxis system into conceptual and production streams, similar to 

Liepmann’s notion of separable ideation and innervation components, but arranged as 

parallel rather than serial processes . The second model (Rothi Ochipa and Heilman 

1991) is derivative of both Liepmann’s and Roy and Square’s scheme. However, Rothi 

et al. (1991) also attempt to account for the many dissociations reported in brain 

damaged patients by constructing a model in which particular processes can be 

selectively damaged.
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1.2A. Roy and Square (1985) model

Based on data from apraxic patients and the action errors of normal subjects (described 

in the work of Reason (1979) Norman (1981) and Roy (1982, 1983)) Roy and Square 

(1985) proposed a model that conceived of the praxis system as comprised of parallel 

conceptual and production systems. The conceptual system of Roy and Square’s (1985) 

model, comprises abstract and linguistic representations of the actions and gestures. 

Damage to the conceptual praxis system results in ideational apraxia. Unlike 

Liepmann’s conception of ideational apraxia which was strictly non-verbal, Roy and 

Square (1985) proposed that in addition verbal-semantic knowledge is also a conponent 

of the action idea. Their conceptual praxis system (see Part I of Figure 1.5: “Abstract 

knowledge of action”)Was comprised of three types of knowledge: (i) Knowledge of 

object functions: comprises semantic knowledge of the association between tools and 

functions, and the associations between tools and actions. Roy and Square suggest that

Figure 1.5 Outline of the Conceptual-Production System
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Figure 1.5. Roy and Square’s (1985) scheme
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these associations may also contribute to ‘semantic fields’ for object recognition, (ii) 

Knowledge of actions: enables usage of the perceptual attributes of objects, i.e. 

exploiting the affordances of objects and learning through experience that certain 

features of objects come to be associated with certain actions, (iii) Knowledge of serial 

order: how the object is normally used, and how actions are ordered into sequences. In 

the conceptual praxis system, this information is verbally coded.

Damage to the production system results in ideomotor apraxia because the 

production system is concerned with linking action ideas to the action programs, and 

action programs to the appropriate muscle groups (see Part II and III of Figure 1.5). The 

production system can be directed by the conceptual system or triggered by visual 

objects. In the high-level production system (see Part II in Figure 1.5: “knowledge of 

action in sensorimotor form”), some frequently used actions may also be directed by 

learned action programmes, similar to Liepmann’s kinetic engrams (for hammering, 

stirring etc). This information is then used in low-level production (see Part III of Figure 

1.5: “mechanisms for movement control”) to direct groups of muscles in executing the 

action. The high-level production system also receives sensory feedback about the 

‘stage’ of the action and its consequences, and is able to inhibit actions or trigger the 

next action phase at ‘key choice points’ in the action sequence. As can be seen from 

Figure 1.5 Roy and Square (1985) are in effect elaborating on the cognitive sub- 

functions suggested by Liepmann (1920, 1980). There is no attempt to explain how 

these sub-functions might connect to one another.

1.2B Rothi et a l (1991) model

The Rothi et al (1991) model was constructed in part from studies of patients’ deficits 

and their lesions and in part from previously existing models of word processing 

(Patterson and Shewell 1987) and praxis (Liepmann 1980 in 1920; Heilman et a. 1982; 

Roy and Square 1985). This model tries to account for observed dissociations between
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praxis production and gesture recognition by proposing separate input and ouput 

lexicons. In addition it proposes semantic and non-semantic routes for gesture 

production; and separate modality specific inputs that can be independently damaged or 

disconnected (see Figure 1.6).

1.2Bi Dissociation between recognition and production

It was proposed by Heilman et al.(1982), that the ability to recognise and discriminate 

between gestures, can be dissociated from the ability to produce a gesture on verbal 

command. Heilman et al., (1982) tested twenty patients with left hemisphere lesions on 

a gesture to command task and a gesture discrimination paradigm\ The group who 

could discriminate gestures, tended to have anterior lesions. The group who were 

impaired at discriminating gestures had parietal lesions. The two groups were 

comparably impaired on the gesture to verbal command test. These results suggested 

that the dominant parietal cortex had a role in both the recognition and production of an 

action. This notion was compatible with the hypothesis that visuokinesthetic engrams 

are located in the parietal lobe, and Rothi et al. (1991, 1999) later equated the dominant 

parietal cortex with their “action input lexicon” (see Figure 1.6). Heilman regarded the 

patients with anterior lesions exhibiting preserved recognition of gesture as evidence for 

a separate action output lexicon. The precise location of the “action output lexicon” was 

not distinguishable as his patients had extensive anterior lesions, but Heilman reasoned 

on the basis of neurophysiological (Penfield and Welch 1951) and neuroimaging 

evidence (Roland et al. 1980) that the supplementary motor area (SMA) is a candidate 

region.

’a  film o f a man performing actions was shown. On each o f 32 trials, the patient selected fi-om three 
choices which pantomime best represented a target pantomime named by the examiner.
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1.2BU Semantic and non-semantic routes for gesture production

The evidence for semantic and non-semantic routes to gesture production is derived

from left hemisphere lesioned patients whose performance on tasks o f action

Figure 1.6.
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Figure 1.6 The Rothi et al. (1997) model o f praxis. On the left is the language production and 
recognition system. On the right, the praxis production and recognition system. The area shaded in 
red constitutes the ‘conceptual system ’ of Roy and Square’s (1985) model, and these are the 
cognitive components that this thesis uses neuroimaging to investigate (from Rothi et al. 1997).

recognition (semantically mediated) and action imitation (non-semantically mediated) 

does not correlate. For example, patients with temporo-occipital lesions can have 

difficulty recognising actions even when imitation is preserved (Rothi et al 1986) 

suggesting a diconnection between visual analysis and the action input lexicon. The 

preserved ability to imitate in the context of a recognition deficit suggests that there is a
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route to action generation that circumvents the action lexica and links “visual analysis” 

to innervatory “patterns” directly (green arrow Figure 1.6). In support of such a route, 

Mehler (1987) reported a patient who had an imitation deficit limited only to unfamiliar 

gestures. The non-semantic pathway was initially only linked to gestures (Rothi et al.,

1991) but later, Rothi et al. (1999) suggested that objects can also elicit actions via a 

non-semantic route directly linking “object recognition system” with the “action output 

lexicon”  ̂( yellow arrow Figure 1.6).

L2Biii Modality specific inputs

According to the Rothi et al. model, there are three dissociable channels of input, 

“visual object”, “visual gestural”, and “auditory verbal”. These three channels are 

differentially weighted toward semantic or non-semantic routes:

(i) Auditory-verbal input must pass through the semantic node of the model to 

result in action generation

(ii) visual-object input can be processed semantically or elicit actions via a more

direct route between “object recognition” and the “action output lexicon” 

(yellow arrow).

(iii) gesture imitation does not require semantics at all, but can be elicited by

retrieving stored action patterns from the action lexicons (blue route), or via a

direct linkage between visual gesture analysis and the “innervatory patterns”.

According to the model damage to any of these pathways would result in an apraxia 

affecting only one modality. The auditory-verbal, visual-gestural dissociation is 

supported by three cases reported by Rothi et al. (1986) who had occipito-temporal 

lesions and could produce gestures to verbal command, but could not discriminate 

between visually presented gestures indicating a problem in visual access to the “action

 ̂ Influenced by the findings o f Riddoch and Humphreys (1987); Riddoch et al. (1989), and Sirigu et al. 
(1991) all of whom proposed a non-semantic route to action.
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input lexicon”. In contrast, Heilman et al. (1973) reported three patients who could 

imitate actions but could not perform actions to verbal command. This indicated that the 

language and action semantic node of the model could be disconnected from the “action 

output lexicon” (a lesion affecting the red pathway of Figure 1.6), while the imitation 

pathways were intact.

There is a greater body of evidence for a dissociation between visual-object and 

auditory-verbal inputs. Rothi et al. (1986) report a patient with a striking deficit in 

pantomiming an action in response to a picture of a tool with relatively preserved ability 

to pantomime actions in response to tool names, a pattern of performance which 

suggests that the object recognition node has been damaged. Other investigators 

describe the same phenomenon calling it ‘optic apraxia’ (Coslett and Saffran, 1989; 

Riddoch et al., 1989; Kaplan et al., 1990; Pena-Casanova et al., 1985; Raymer et al.,

1992). As an extension to the range of modality specfic apraxias descried by Rothi et al 

(1991), De Renzi et al. (1982) report a group of patients with selective apraxias specific 

to tactile object presentation (versus visual and verbal praxis).

1.2BÎV. An action semantic system?

Rothi et al. (1991) place an “action semantic” system in the centre of their model. This 

system resembles the conceptual praxis system suggested by Roy and Square (1985) in 

that it includes similar cognitive sub-functions. However, while Roy and Square (1985) 

regarded the semantic component of this conceptual system to be continuous with 

general semantic knowledge, Rothi et al. regard the action semantic system as partially 

segregated from the rest of semantic memory. Damage to the action semantic system 

renders the patient unable to contextualise actions in terms of their meaning or ultimate 

goal. Liepmann (1908, 1980) describes a patient whose performance was suggestive of 

an action semantic deficit, he used a razor as a comb (a tool substitution error) and 

placed his glasses on his outstretched tongue (an action selection error). The patient
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reported by Ochipa et al. (1989) not only exhibited ‘action-semantic’ errors but also 

supported the proposal that the ‘action semantic’ system can be separated from the 

general semantic system. This patient used a toothbrush to eat with, and tried to brush 

his teeth with a spoon and a comb. He appeared unable to select a tool appropriate to a 

familiar task even in an every-day environment and was unable to choose the 

appropriate tools when given a verbal description of their function. In contrast, he was 

able to name and point to the appropriate tool on verbal command, demonstrating that 

some elements of semantic knowledge were still accessible.

1.2C. ‘Conceptual apraxia’

Ochipa, Rothi, Heilman, and colleagues (1989, 1991, 1992, 1997, 2000) classified 

patients similar to those described above (Section 1.2Biv), as ‘conceptual apraxics’. In 

essence, conceptual apraxia is just another label for ideational apraxia. Ochipa and 

colleauges decided not to use the term ‘ideational’ because in the literature, it often 

refers to patients who have problems formulating action sequences using many objects 

(e.g. Poeck and Lemkuhl 1980, 1981, 1983); rather than a deficit in the use of single 

objects (De Renzi and Lucchelli 1988). According to Ochipa and Rothi (2000), the 

signs of conceptual apraxia (signifying damage to the action semantic system) are errors 

that are either semantic or visual/mechanical in nature. Semantic or ”contenr errors are 

similar to those outlined in Roy and Square’s (1985) model:

(i) Failing to recall the types of actions associated with tools or objects.

(ii) Using an object in an inappropriate manner.

(iii) Inability to associate tools with the objects that they act upon.

The visual/mechanical errors indicate that the patients do not appreciate 

the ‘mechanical advantages’ afforded by tools for example :
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(i) When asked to complete a task without being given the correct tool, these 

patients do not select an effective substitute. For example, given a nail partially 

driven into a piece of wood, a spoon might be selected rather than a heavier tool 

like a wrench.

(ii) They fail if asked to solve mechanical problems that involve selecting a novel 

tool and deducing the kind of action needed (push or pull,) to complete the task.

The initial evidence for the existence of an action-semantic system was entirely 

derived from the case study described in the previous section (Ochipa et al. 1989), and 

as the patient described was left-handed with a right hemisphere lesion the observations 

cannot be regarded as generalisable. In order to more firmly establish whether the 

action semantic system is a separate entity within the praxis system, Ochipa et al. (1992) 

examined ‘conceptual praxis’ in several groups of Alzheimer’s patients. The 

performance of three groups of patients with deficits of (a) ‘production praxis’ (b) 

general semantic knowledge, or (c) both of these functions, were tested on the 

conceptual praxis tasks described in Section 1.2C. A fourth group of Alzheimer’s 

patients (d) who were unimpaired on semantic and ‘production praxis’ tasks were also 

tested on the conceptual praxis battery. The results appeared to suggest that ‘conceptual 

praxis’ performance can be impaired (compared to the performance of normal controls) 

regardless of whether ‘production praxis’ or general semantic knowledge are 

compromised or intact (i.e. even group (d) were impaired on conceptual praxis tasks). 

This appeared to imply that ‘conceptual praxis’ (and the action-semantic system) is 

independent of both ‘production praxis’ and general semantic function confirming their 

hypothesis.

However, not all of the evidence was consistent with this interpretation, 

because although group (d) patients were impaired on the conceptual praxis tasks, they
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were significantly less impaired than the patients with neither function intact (group 

(c)). This finding undermines the idea of a independent action semantic system because 

it suggests that semantic and praxis production skills both exert an effect on the ability 

to perform ‘action semantic’/ ‘conceptual praxis’ tasks.

Ochipa et al.’s (1992) second conclusion was that the two types of ‘conceptual 

praxis task: visual/mechanical problem solving and semantic “content” are not

segregated functions within the action-semantic system. The basis for this assertion was 

that the performance scores for mechanical and content tasks were correlated. However 

the evidence invoked to support this interpretation is weak: although the scores for 

semantic and mechanical tasks were correlated, some ‘mechanical’ tasks require object- 

specific ‘content’ knowledge. For example knowing that a wrench is better suited to 

hammering a nail than a spoon because it is heavier, cannot always be inferred from 

visual structure alone, thus this mechanical task might have required semantic (content) 

retrieval. Such task contamination may explain the finding of a correlation between the 

different task domains. In summary, this study by no means excluded separable and 

dissociable strategies for praxis, on the contrary, it exposed some suggestive trends 

meriting further investigation.

Indeed a more recent investigation by the same researchers Heilman et al. (1997) 

provides evidence for a dissociation within the ‘action semantic’ system. Heilman et al. 

(1997) tested the performance of patients with left-hemisphere lesions on ‘action 

semantic’ tasks. They found that in this patient group, performance on semantic- 

associative and mechanical action semantic tasks is not strongly correlated, suggesting 

that these are separate components. In addition, Heilman et al., (1997) reported that 

patients’ performance on ‘conceptual praxis’ battery is strongly correlated with general 

semantic performance on the Western Aphasia Battery, a finding that argues against the 

existence of a separate action semantic system.
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1.2D. A summary o f the models ofpraxis

To summarise the presented theories on the organisation of praxis: historically, 

investigators of praxis have tried to emphasise that apraxia is lateralised to the left 

hemisphere and cannot be explained by a concomitant language disorder. In particular, 

that failing to perform a gesture to a command does not presuppose an inability to 

comprehend the command, but a deficit in formulating the idea of an action.

Liepmann (1900-1920), Geschwind (1965b, 1975), and Heilman et al. (1982), also 

hypothesise a store of action units (called Kinetic engrams, or Visuokinesthetic 

engrams). The neuro-anatomical correlates of this units were thought by Liepmann to be 

a result of an electrical activation pattern in the neural connections between sensory and 

motor brain regions and Geschwind (1965b) also held to this view. Heilman et al. 

(1982) regarded these engrams as embodied in the neurons of the dominant anterior 

inferior parietal lobe.

Liepmann (1908, 1977) also hypothesised an Extra-kinetic component in the 

ideation of an action that is available to verbal description and consciousness (though 

primarily visual and not verbally formulated). The role of these engrams was in 

determining the goal of the action and organising the action units to facilitate reaching 

this goal. This concept was taken up by Roy and Square (1985) as the action conceptual 

system and by Rothi et al (1991) as the action semantic system. It is this component of 

praxis that is analysed in further detail and compared to the linguistic-semantic system 

in the experimental chapters.
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1.3 Neuroanatomical models of language and semantic processing

The preceding section approached semantic processing from the perspective o f praxis, 

regarding it as one component of the ideational praxis system. Some theories of 

language and semantic functioning consider elements of praxis to be an integral 

component of the semantic system. The next sections consider this view, briefly 

describing (i) the development of neuroanatomical models of linguistic processing and

(ii) contemporary views on the organisation of semantic knowledge and the place of 

learned action within it.

The first neuroanatomical model of language was designed around the deficits of 

a handful of brain-damaged patients. In 1861 Broca correlated speech articulation to the 

third frontal convolution of the left hemisphere (Broca’s area). In 1874, Wernicke 

associated speech comprehension with the left posterior superior temporal gyrus 

(Wernicke’s area). Wernicke used these findings to construct a model of language 

(black arrows, figure 1.7). These first attempts to formulate a neuroanatomical model of
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the language system did not postulate or attempt to localise semantic processes. 

Wernicke’s language model resembled a reflex arc in which auditory impressions were 

linked to auditory images triggering motor images and resulting in speech 

outputLichtheim (1885) later added a ‘concepts’ node to Wernicke’s model reflecting 

the importance of semantic processing in language, but no corresponding anatomical 

correlate was proposed (see Lichtheim’s addition to Wernicke’s arc (in red) in Figure 

1.7). Over the last century, the study of brain damaged patients with ‘purer’ semantic 

deficits have suggested candidate regions for various sub-functions of semantic memory 

and retrieval. However, most recently a clinical-pathological characterisation of the 

‘semantic dementia’̂ , has linked semantic memory to the left anterior temporal cortex 

(Snowden et al. 1989; Hodges et al. 1992) and functional neuroimaging appears to 

confirm this association (Mummery et al. 1999, 2000) as well as highlighting the 

involvement of other neural regions (e.g. Vandenberghe et al. 1996). A more complete 

summary of neuroimaging findings will be provided in Chapter 2.

1.4 The organisation of semantic knowledge.

Part of the difficulty of including a concept node in the language arc is the inevitable 

question: what is meant by ‘concepts’? It may have been uncertainty over this issue that 

prompted Finklenburg (1873, 1979) and his modem counterparts, to conflate aphasia 

and apraxia into ‘asymbolia’ for they regarded limb praxis to be a form of non-verbal 

conceptual knowledge. Neuropsychologists try to answer the question ‘what is semantic 

memory?’ through mapping out its organisation, i.e. how different categories or 

modalities of knowledge are arranged in the brain, based on the deficits seen in brain

damaged patients. Most of the debate centres around whether there are multiple 

semantic systems or a unitary semantic system. Several of the arguments supporting

 ̂“failure of word conprehension and naming and/or face and object recognition [in contrast to] preserved phonology 
and syntax and elementary perceptual processing, spatial skills, and day to day memorising” (Neary et a l l998)
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these different proposals hinge on whether knowledge of actions is considered as a 

component of a multiple semantic system, or part of a separate 'non-semanticVvisuo- 

spatial element of the praxis system.

1.4A What is semantic memory?

The question ‘what is semantic memory?’ is philosophically complex, 

neuropsychologists tend to define it operationally. The neuropsychological conception 

of semantic memory is best described by referring to Allporf s (1985) ‘distributed and 

associative’ model (see Figure 1.8). This model attempts to explain semantic memory in 

cognitive rather than neural terms. It assumes that semantic representations are 

constructed on the basis of sensory experiences with objects that are arranged into 

sensory-modality specific input or output nodes (action oriented, kinesthetic, visual, 

auditory, tactile) that become linked to verbal symbols (phonological, orthographic). A 

representation can be retrieved because a sensory stimulus may cue a pattern of ‘auto

associations’ between a particular set of nodes. According to this approach, the same set
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of nodes can represent several different objects or concepts so long as the weightings 

and the patterns of activation are different for each object. This model is derivative of 

dominant theories of semantic processing (e.g. Lissauer, 1890, see Jackson, 1988; 

Warrington and McCarthy 1987). Most theorists agree that the model is able to 

accommodate many of the semantic dissociations observed in patients with brian 

damage. The real debate concerns how the elements specified in Allport’s model are 

neuroanatomically organised. The question of whether there is a neurally distinct region 

for ‘action oriented’ elements versus other semantic elements -  an action semantic 

system -  is the issue most relevant to this thesis.

1.4B. Multiple semantic systems

The multiple semantics hypothesis evolved from reports of ‘modality-specific’ deficits 

in neuropsychological patients. For example Warrington (1975) and Warrington and 

McCarthy (1987) and Warrington and Shallice (1984), have described patients with 

deficits of semantic knowledge due to ‘cerebral atrophy’ who have difficulty naming or 

describing pictures of objects, and providing definitions for object names (auditory 

words) or certain categories of objects. One of these patients was more impaired at 

naming pictures than describing words and the other was considerably worse with 

words than pictures. On the basis of these observations, Warrington (1975) proposed 

that “there may be structurally and presumably functionally distinct modality specific 

meaning systems. That is, “a particular concept ... would be represented in two 

semantic memory hierarchies, the one primarily visual and the other primarily verbal” 

(p.656). Thus the tenet of the multiple semantics hypothesis is that there are visual and 

verbal semantic systems in which information is replicated. Later Warrington and 

McCarthy (1987) extended this theory to account for patients with category-specific 

deficits proposing that the semantic system is also modality specific -  this is discussed 

further in the introductory section of Chapter 5.
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1.4C A single semantic system

The evidence cited by Warrington and colleagues is compatible with other 

interpretations of semantic organisation. Riddoch and Humphreys (1987) point out that 

multiple semantic systems are not necessarily needed to explain the deficits observed in 

patients. If intermediate ‘non-semantic’ stages of representation are postulated, a unitary 

model will suffice. Riddoch and Humphreys’ model includes an additional visual level 

prior to semantic processing, ‘the structural description system’. They argue that a 

structural description would be enough to allow one to discriminate between a familiar 

and an unfamiliar object, indicate the use of an object through gesturing and answer 

questions about its physical properties. Semantic processing is conceived of as a 

‘cascade’ rather than a hierarchy. In this cascade model an object or picture would 

temporarily activate all similar looking items at the structural description stage of 

processing and each of these structural descriptions would activate a semantic 

representation. The correct match would become maximally activated and inhibit 

activation of the other candidates.

1.4D. Optic Aphasia: are learned actions stored within semantic memory?

The organisation of the semantic memory system with respect to learned actions is 

better described by referring to optic aphasia. In this syndrome (a type of associative 

agnosia, originally described by Freund, 1889), there is a deficit in accessing object- 

specific semantic knowledge from vision (naming and retrieving associative 

knowledge) but preserved ability to gesture how an object might be used.

In the case study presented by Lhermitte and Beauvois (1973), patient JF was 

unable to name visually presented objects, but could provide a name when given a 

tactile or auditory cue. Critically, JF could accurately pantomime skilled actions in 

response to viewed objects. Riddoch et al.’s (1987) patient, IB, also presented with
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Optic aphasia. But further testing revealed that the deficit was not restricted to naming, 

JB failed when given non-verbal semantic tasks such as matching a knife with a fork 

rather than a pencil. Only rudimentary semantic knowledge, such as category 

membership, was still accessible from vision. Yet despite this, JB was able to 

pantomime how a visually presented object should be used and did so in quite a specific 

fashion. For example he would gesture with the left hand in response to a fork and with 

the right hand for a knife. Riddoch and Humphreys also commented that in several 

instances, pantomiming also appeared to facilitate name retrieval.

Another instance of preserved gestural ability despite semantic deficits is 

presented by Sirigu et al. (1991). Their patient FB was an ‘associative agnosic’ in that 

he was unable to name or provide semantic information about an object presented in any 

sensory modality. However, he could show how an object should be used through 

gesturing, and could verbally describe how it should be manipulated. This spared 

‘sensorimotor’ knowledge did not enable FB to retrieve the function of the object, as 

illustrated by his description of a safety pin, “You open on one side, stick something on 

it, close it, and it stays in. I can tell you how it works, but I don’t see its exact use. I 

don’t think I’ve seen one like this before, it is not a very common object.” (p. 2555). 

Sirigu et al. also comment that the gesture always precedes and appears to inform the 

verbal description.

These case studies provide consistent evidence that the ability to pantomime 

how to use an object can be dissociated from the ability to name the object or to retrieve 

any other verbal or non-verbal information about it. But are these observations 

indicative of an action semantic node within a multiple semantic system? Or were these 

patients relying upon an alternative route in which non-semantic visuo-spatial 

processing drives action? As the next paragraphs illustrate the interpretation of these 

cases can be ambiguous.
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lA D i The multiple semantic perspective on optic aphasia

Beauvois (1982) contends that the ability to pantomime object usage is a manifestation 

of a visual semantic knowledge system, while naming objects presented in tactile and 

auditory modalities and retrieving semantic-associative knowledge requires a verbal 

semantic system. She interprets JF’s pattern of deficits (Lhermitte and Beauvois 1973) 

as the result of a disconnection between visual and verbal semantic systems (see Figure 

1.9). Therefore according to this interpretation the semantic system is multi-modal, and 

knowledge of actions and gestures is subsumed within visual semantics, but is 

independent of verbal semantics. Thus, it is preservation of the visual semantic system

Figure 1.9
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Figure 1.9 Beauvois (1982) multiple semantics model incorporating action 

that accounts for the intact ability to gesture to objects in such patients, while damage to 

the verbal semantic system accounts for the anomia and other semantic retrieval 

deficits.

Lauro-Grotto et al. (1997) concur in their interpretation of R.M., a right handed 

woman who was unable to make semantic judgements about objects from verbal 

information such as definitions. However, she could demonstrate intact semantic
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knowledge of objects when presented with visual material (e.g. pictures matching) and 

could also perform daily activities involving skilled actions such as preparing a meal 

(presumably through her intact visual-semantic knowledge.

1.4DU The single semantic perspective on optic aphasia

Riddoch and Humphreys (1987) and Sirigu (1991) provide a different viewpoint. They 

propose that the spared gestural ability seen in their optic aphasie patient JB and Sirigu 

et al.’s (1991) patient, FB, is mediated by ‘non-semantic’ sources of prior knowledge: 

‘sensorimotor experiences’ (Sirigu et al. 1991) and ‘stored structural descriptions’ 

(Riddoch and Humphreys 1987). An alternative also proposed by Riddoch and 

Humphreys (1987) is that the ability to act need not depend on access to stored 

structural descriptions, but can be directly computed from the visual ‘affordances’ of 

objects. The term ‘affordance’ is used in the context of Gibson’s (1979) theory of direct 

perception^. Stored structural descriptions of objects or their ‘affordances’ might then 

be directly linked to corresponding actions (twisting, hammering etc.). Therefore, 

according to Riddoch and Humphreys (1987), there are parallel routes to action, one 

route accesses the unitary semantic knowledge system, the other utilises structural 

descriptions or affordances and circumvents semantics (see Figure 1.10). Thus in optic 

aphasia, the ability to perform an action pantomime in response to a visual object would 

be due to the existence of a non-semantic route to action (compensating for damage to 

the semantic system).

Evidence for the semantic route to action comes from the modality specific 

apraxias. Riddoch et al. (1989) and Pilgrim and Humphreys (1991) cite the cases of CD 

and OF, patients with ‘visual apraxia’ sustained from injury to the dominant

 ̂A stored structural description of an object is conceived o f in terms o f Marr’s (1982) 3D sketch, i.e. the 
orientation o f the object’s parts and the surfaces provide enough information for action but not naming.
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hemisphere. CD (Riddoch et al. 1989) had a left parietal lesion and was unable to use 

his right hands to initiate pantomimes in response to visual objects. However he was 

less impaired in using the right hand to respond to a verbal command. GF (Pilgrim and 

Humphreys 1991) had a right fronto-temporal lesion and exhibited a similar pattern of 

deficits with his left hand. Riddoch et al (1989) suggested that the ability to perform 

actions to verbal command reflects an intact semantic route to action while the inability 

to respond to visual objects reflects a disrupted non-semantic route to action. The 

assumption being that because visual apraxics cannot use external visual information for 

praxis, they would not be able to use internally generated information (i.e. imagining the 

object’s structure) to generate an action.

Figure 1.10.
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Figure 1.10. Riddoch and Humphrey’s (1987) model. Non-semantic routes to 
action, route la  is triggered by object affordances which provide a direct link 
between visual and action systems; route lb  accesses ‘pre-sem antic’ 
structural descriptions o f objects, pathway 2 is the semantic route to action.

Gibson’s theory proposes that actions are externally driven and specified by environmental features such 
as the depth and orientation o f surfaces rather than being internally formulated and imposed upon the 
environment.
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Recently, Rumiati and Humphreys (1998) provided evidence for a direct route to action, 

in a series of experiments using normal participants. They studied action errors made by 

normal subjects when responding to a deadline with either a gesture or a naming 

response to pictures of objects, or to their written names (words). They found that action 

errors tended to be visually related to pictures, and semantically related to words. An 

example of a visual error is when a hammering response is made to a picture of a razor 

(the long handle and head of the razor resemble that of a hammer). An example of a 

semantic error is when a shaving brush action is made to the word “razor” (shaving 

brush and razor being semantically related). Rumiati and Humphreys (1998) suggest 

that action errors to objects reflect partial activation of an action selection system based 

on a fast ‘direct route’ that circumvents semantics. The semantic errors made when 

gesturing to a word, or naming an object, reflect activation from a slower semantic 

route.

lADiii. Only a non-semantic route for action generation

So far the debate has been over whether there is only one semantically mediated route to 

action or in addition a non-semantic visual route. A more peripheral view (Buxbaum 

and colleagues 1997, 2000) asserts that only one route exists for action. Buxbaum and 

Schwartz (1997) report the cases of two patients with neuro-degenerative disease. One, 

DM remained able to use objects but unable to access functional and semantic- 

associative knowledge, the other HB exhibited the reverse pattern: an inability to 

perform action tasks (although he could use single objects), in the context of preserved 

semantic memory. Buxbaum and Schwartz interpreted these cases as an indication that 

semantic knowledge is neither ‘necessary nor sufficient’ when objects are used in 

natural situations. However, this account is limited by two factors, HB’s deficits are not 

found for single object use, only for multiple actions and this may be due to an 

executive problem in ordering actions rather than a failure to appreciate structure-
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function relationships. For DM, semantic knowledge is not systematically assessed 

therefore there may have been residual semantic knowledge contributing to her success 

in using some objects.

Two right-handed patients with large left hemisphere are cited as further 

evidence for the theory of Buxbaum and colleagues (Buxbaum et al. 2000). These 

patients showed symptoms of ideomotor and ideational apraxia but were able to perform 

semantic retrieval tasks and access functional knowledge e.g. they were able recognise 

that a record-player and a radio have more in common with each other in terms of their 

function, than with a telephone. However they had difficulty judging the similarity of 

objects on the basis of manipulation. For example, they were unable to recognise that a 

typewriter and a piano have more in common with each other than with a cooking stove, 

because they have keys, which are pressed. Buxbaum et al. once again interpret these 

findings as evidence that functional semantic knowledge is neither necessary nor 

sufficient for object use, citing FB (Sirigu et al. 1991) as evidence for the inverse 

dissociation. However Sirigu et al. (1991) would probably disagree with this position 

pointing out that knowing how to manipulate an object may not support using it in a 

strictly correct manner. For example, when Sirigu et al’s patient F.B. was shown a 

picture of a jack-hammer, “his immediate response was to mime the vibration while 

looking down at his hands placed in the appropriate holding posture, and said ‘probably 

to make holes...’. He paused and then added, ‘in the wall...when you want to hang a 

picture’.”
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lAD iv One or two routes to action: unitary versus multiple semantic systems

The implications of optic aphasia for semantic organisation depends in each case on the

definition of semantic memory. Discounting these inconsistencies, the most coherent 

debate derived from the optic aphasia literature is the argument over whether there are 

dual (and parallel) or single (and serial) routes for praxis. All of the views presented 

above acknowledge that the ability to gesture from vision can utilise a route to action 

that is independent of part or all of the semantic memory system, either via (i) 

‘Structural descriptions’ and ‘Affordances’ (Riddoch and Humphreys 1987) (ii) the 

‘visual semantic system’ (Beauvois, 1982) or (iii) ‘Manipulation knowledge’ (Buxbaum 

et al. 2000). The following paragraphs examine further evidence related to these view

points.

1.5. The necessity for semantic and visual processes in praxis: further evidence for 

the dual routes model.

The argument for dissociable dual routes to action has been presented in the apraxia 

literature and the semantic processing literature. Thus far the evidence for dual routes 

to action has been suggestive but not convincing. In studies of conceptual praxis 

contradictory results were presented by the same group of researchers (Ochipa et al. 

1992; Heilman et al. 1997), and evidence from optic aphasie patients can support either 

dual or single routes to action depending on the interpretation of the data (Lhermitte and 

Beauvois 1973; Beauvois, 1982; Riddoch and Humphreys, 1987; Riddoch et al. 1989; 

Pilgrim and Humphreys, 1991). Likewise, the attempt to demonstrate the existence of 

an action semantic system has produced ambiguous results (Ochipa et al 1989, 1992; 

versus Heilman et al. 1997). Investigating larger groups of patients suffering from global 

rather than modality specific deficits may be more helpful in testing the necessity of 

visual processes and semantic knowledge for the generation of actions to objects.
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L5A. The contribution o f visual and semantic strategies to praxis: Evidence from  

patients with left hemisphere damage

To Gcldenberg and Hagmann (1998), the mechanical/visual component of conceptual 

praxis constitutes the ability to Hnfer function from structure’, and they regard the 

semantic/associative component as the ability to retrieve 'instructions of use’. These 

investigators specifically compared ‘instructions’ and ‘inference’ in terms of their 

relative contribution to successful object usage. The ability to ‘infer’ was assessed by a 

mechanical problem-solving task in which subjects selected and used a novel tool to 

move an object. Accessing ‘instructions’ involved pantomiming how familiar tools are 

used in response to a verbal command. Performance on the ‘instruction’ and ‘inference’ 

tasks were then compared to a task in which subjects were asked to perform actions 

using real objects. They were provided with a tool and its target (e.g. a light-bulb and its 

socket, or scissors and a piece of paper), and required to link the two in a coherent 

action (e.g. ‘turning’ or ‘cutting’). Three subject groups were investigated, left 

hemisphere brain damaged (LED), right hemisphere damaged (RED), and normal 

controls. Overall, LED patients were more likely to show impaired performance on any 

task. However any patient who could perform just one of the tasks within the normal 

range could also demonstrate an intact ability to use the real tools. Therefore, according 

to these findings, both ‘instructions’ and ‘inference’ are sufficient to support object 

usage. The patients who were impaired on performing both the ‘inference’ and 

‘instruction’ tasks failed when asked to use real tools, indicating that either 

‘instructions’ or ‘inference’ (but not both), are necessary for object usage. Importantly, 

Goldenberg and Hagmann also found evidence for a double dissociation of ‘inference’ 

and ‘instructions’ in three patients. So these findings indicate that the ability to ‘infer 

function from structure’ or retrieve ‘instructions of use’, are distinct cognitive processes 

that can independently support object-related action, as hypothesised by Riddoch and 

Humphreys (1987).
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L5B. Evidence from patients with semantic dementia or cortico-basal degeneration 

The Goldenberg and Hagmann study described above used loose clinical criteria (left or

right hemisphere damage) to select their subjects, so it is difficult to be specific about

neural organisation or indeed, the functions comprising ‘inference’ and ‘instructions’. A

stricter set of clinical criteria are applied by Hodges and colleagues (1999, 2000). These

investigators try to assess the contribution of semantic knowledge, and

visual/mechanical skills to object usage in three patients (Hodges et al. 1999). Two

patients had semantic dementia and temporal atrophy (without ideomotor apraxia) and

one patient had ideomotor apraxia due to corticobasal degeneration and parietal atrophy

(without semantic deficits). The patients were tested on general semantic knowledge,

mechanical problem-solving, and actual object use. In the semantic tests, they named

objects and matched words to pictures. They were also tested on action-specific

semantic knowledge, for example, matching a familiar tool to the recipient of its action

(potato-peeler and potato), or to another tool which is used in a similar way. The

mechanical test was similar to the ‘inference’ test developed by Goldenberg and

Hagmann (1998). Lastly the patients were given real objects to manipulate.

It was found that the patients with semantic dementia were unable to use an 

object if they couldn’t demonstrate some knowledge of it. However in a few instances, 

Hodges et al. noted that these patients were able to use an object in a plausible manner if 

its function-structure relationship was transparent, and they were also able to perform 

the mechanical problem solving task using novel tools. In contrast, the patient with 

corticobasal dementia performed the semantic retrieval tasks relatively well, but her 

ability to manipulate and use tools was poor; and her performance on the novel tool task 

was very poor. Therefore this study suggests that both semantic knowledge and 

mechanical skills are necessary, neither on their own being sufficient for object usage 

(in contrast to Goldenberg and Hagmann’s (1998) conclusion).
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In a further study, Hodges et al. (2000) used a larger group of semantic dementia 

patients to assess in more depth, the relationship between semantic memory and object 

use. They tested a range of patients with semantic deficits that ranged from mild to 

severe. As in the 1999 study, patients were required to demonstrate semantic knowledge 

of an object and then manipulate it appropriately. There was a significant correlation 

between a patient’s success in using an object and the ability to provide semantic 

information about the object. Hodges et al. (2000) also observed that in some instances 

a patient could manipulate an object that they could not identify, in a plausible if not 

correct manner. The conclusions of both studies by Hodges et al. (1999, 2000) were:

(i) If the structure-fimction relationship of an object is transparent then semantic 

knowledge is less necessary (patients with semantic dementia could perform the 

novel tool task)

(ii) For most objects, structure-function relationships are not transparent, therefore 

semantic knowledge is required (patients with semantic dementia could not use 

most objects).

(iii) In most situations affordances/mechanical problem solving and semantic 

knowledge must interact if object use is to be successful (the patient suffering 

from cortico-basal dementia had impaired mechanical skills, but preserved 

semantic knowledge, could not use objects successfully either.)

In support of Hodges et al.’s view, Creem and Profitt (2000) demonstrate that 

even in normal subjects, simple actions such as grasping an object by its handle, require 

semantic knowledge. When asked to pick up an object that is in an awkward position 

(e.g. handle oriented away from the body), normal subjects adjusted their reach in order 

to grasp it by its handle. However performing a semantic distractor task, interfered the 

tendency to pick up objects by their handles, whereas a visuo-spatial distractor task did
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not. Creem and Profitt (2000) hypothesise that the visuo-motor system must interact 

with the semantic memory system, so that an object can be grasped in a use-congruent 

manner.

1.6 Conclusion

This chapter has reviewed the relationship between praxis and semantic memory with 

the aim of describing the common cognitive components. The weight of the evidence 

presented in this chapter supports the theory that the praxis system is constructed around 

dissociable visual-mechanical and semantic routes to action (Roy and Square 1985; 

Riddoch and Humphreys 1987; Rothi and colleagues, 1991, 1997, 2000; Goldenberg 

and Hagmann 1998; Hodges 1999, 2000), with the caveat that the two routes are highly 

interactive (Hodges et al. 1999, 2000; Creem and Profitt, 2000). The extent of overlap 

between the general semantic retrieval system and the semantic route to action has not 

been quantified, and preliminary investigations have not shown a dissociation between 

general and action semantics in groups of patients (Heilman et al. 1997; Hodges et al. 

2000). Currently the only evidence in favour of an action semantic system is the pattern 

of deficits exhibited by Ochipa’s et al. (1989) patient (see Section 1.2Biv).

A dual route model of praxis, with dissociable semantic and visuo- 

spatial/mechanical components is an apparent departure from Liepmann’s formulation 

of praxis as a serial cognitive system, and the single route action retrieval model 

proposed by Beauvois (1982). However, Liepmann’s concept of an action ideation 

system composed of Kinetic and Extra-kinetic engrams^ although neglected by the dual

 ̂Kinetic engrams were required for simple actions such as "... waving the hand, closing the fist, saying 

"a” or "e” ...", reflecting a link between external action cues and muscular innervation patterns. 

Liepmann regarded them as inaccessible to consciousness or at least ‘‘vague and not very clear” at the 

conscious level. The Extrakinetic engrams were consciously accessible, primarily visual images of the 

movement and its outcome.
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route theorists could easily be accomodated. In the Riddoch and Humphreys (1987) 

model (see Figure 1.10), the two routes to action converge upon an undifferentiated 

‘action system’ which could accommodate these engrams. The Rothi et al. (1991,1997) 

model unites the contemporary and classical formulations of praxis. The ideation phase 

of their model (shaded red in Figure 1.6) includes: ‘object recognition’, ‘action 

semantics’, an ‘action input lexicon’ and an ‘action output lexicon’. The ‘action input 

lexicon’ allows the visual recognition of an action/gesture. By using the term 

recognition, Rothi et al. imply that (i) the stimulus must be processed and then matched 

with the appropriate stored action-representation (i.e. an engram) and (ii) that the 

stimulus must be attended to (i.e. it is available to consciousness). In these respects the 

‘action input lexicon’ could be equated with Extrakinetic engrams. Similarly, the ‘action 

output lexicon’ could be equated with Kinetic engrams because it enables the initiation 

of a pre-programmed set of commands linking the action-representation with the 

muscular innervation patterns. In addition Rothi et al. (1991) allow for a visuo- 

spatial/mechanical route from object vision to action, and a semantic route from object 

vision or speech, to action.

Thus there is much redundancy of terminology across models of praxis. In 

response, I have attempted to create a consolidated model of the ideational praxis 

system (Figure 1.11) using a system of four components: (i) mechanical problem

solving faculties, (ii) general semantic memory, (iii) Kinetic, and (iv) Extra-kinetic 

engrams. These components are defined in terms of the concepts reviewed in this 

Chapter, for example, (i) mechanical-problem-solving is conceived of in terms of the 

ability to ‘infer function from structure’ (Goldenberg and Hagmann 1998). It is 

suggested that the necessary sub-processes include a ‘structural descriptions’ system 

(Riddoch and Humphreys 1987) and an ‘Affordance’ system (Gibson 1979). (ii) The 

‘General semantic system’ could accommodate a segregated ‘functional knowledge’
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node (Warrington and Shallice, 1984), or an action-related elements/semantic system 

(Allport et al. 1985; Rothi et al. 1991, 1997). (iii) Kinetic engrams could also be thought 

of as the ‘action output lexicon’ (Rothi et al 1991, 1997). (iv) Extra-kinetic engrams 

could also be thought of as the ‘action input lexicon’ (Rothi et al. 1991, 1997), 

sensorimotor knowledge (Sirigu et al. 1991) or manipulation knowledge (Buxbaum et 

al. 1999).

Figure 1.11

INPUT & ANALYSIS
VERBAL
written and 

spoken words 
symbols

VISUAL
objects, 

novel objects

GENERAL 
SEMANTIC MEMORY

/ ^ F u n c t i o n a l  k n o w l e d g e ^
Warrington and  Shallice 1984

Action re la ted  e le m e n ts
Allport 1985

Action s e m a n t i c s
Rothi e t al 1991 ro o

KINETIC ENGRAMS
Liepmann 1920

O
INNERVATION

and
ACTION OUTPUT 

(manual /limb)

INNERVATION
and

VERBAL REPORT 
‘what?7‘how?’

Figure 1.11 An attempt to consolidate the components o f  ideational/conceptual praxis proposed by the 

different theorists.
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The connections between these proposed components are informed by cognitive models 

of praxis and patterns of deficits reported in patients. The red arrows symbolise the 

movement of visual information, while the blue arrows represent the movement of 

verbal semantic information. Pathway (a) links mechanical problem-solving to kinetic 

engrams, enabling simple actions to be performed in response to viewed objects, and is 

reminiscent of Riddoch and Humphreys (1987) visual route to action.

Pathway (b) links affordances to innervation and action output allowing for the 

learning of new actions without recourse to established engrams (as implied by Riddoch 

and Humphreys 1987). Pathway (c) links mechanical problem-solving to Extra-kinetic 

engrams. The basis for this linkage is Sirigu’s (1991) patient (FB) who was able to 

describe how an object should be used from its appearance, but was unable to name it or 

retrieve its function. FB may have retained the ability to describe how an object might 

be manipulated despite damage to his general semantic system, because the visual and 

kinesthetic information from extra-kinetic engrams is available to consciousness and 

can be translated into words. The link between Extra-kinetic engrams and the general 

semantic system (Pathway (d)) allows Magnié et al.’s (1999) patient to use actions to 

prompt retrieval of an object’s name (see Chapter 5). The link from semantic 

processing to Extra-kinetic engrams (Pathways (e)) allows verbal commands to be 

translated into a visual image of the action. The Extra-kinetic engrams then dictate 

which Kinetic forms should be used to produce the action (Pathway (f)). The 

connection between Extrakinetic and Kinetic engrams is unidirectional because 

according to Liepmann (1980 in 1920) Extra-kinetic engrams govern the 

implementation sequence of Kinetic units, but Kinetic engrams are not available to 

consciousness.

In summary, the semantic and visuo-spatial/mechanical routes to action utilise 

cues from different modalities to formulate actions. Kinetic engrams describe how an
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action is transcoded into muscular commands, and Extrakinetic engrams organise 

Kinetic action units into appropriate sequences. These proposed cognitive components 

may be represented by different cortical or sub-cortical areas. In Chapter 2 ,1 review the 

relevant neuroimaging literature in an attempt to delineate the patterns of neural 

activation representing action ideation and its cognitive subcomponents.
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CHAPTER 2: THE FUNCTIONAL ANATOMY OF ACTION IDEATION - A 

REVIEW OF PREVIOUS NEUROIMAGING FINDINGS.

2.0. Overview

Chapter 1 examined evidence derived from patients with brain damage and normal 

subjects performing praxis tasks. These observations have resulted in several theories 

about the cognitive composition of the praxis system. Of them, the most prominent 

suggests that there are two routes to action, one semantic and the other non-semantic. 

This proposal does not cohere well with the neuroanatomical models of the praxis 

system as it is often difficult to appreciate how the boxes and arrows of cognitive 

models map onto brain anatomy. Furthermore, the practice of equating the site of a 

lesion with loss of function, is limited in its ability to bridge the gap between the 

cognitive and anatomical. Functional neuroimaging can overcome some of these 

limitations, it is therefore important to review the neuroimaging literature pertaining to 

action ideation.

So far there have been no neuroimaging experiments that explicitly investigate the 

neural components of conceptual/ideational praxis, possibly because the classification 

of these syndromes is often inconsistent and the cognitive components debated (as 

revealed in Chapter 1). Despite these limitations, a review of neuroimaging 

experiments investigating action-related tasks such as action imagination, observation 

and retrieval can give a heuristic of the neural regions that might be involved in action 

ideation. By comparing the brain regions associated with action tasks to those activated 

in semantic tasks, it may be possible to assess the extent of overlap between neural 

systems, therefore ‘semantic’ data is also collated. The results of this review will be 

useful to hold in mind when reading Chapters 4, 5, and 6.

Of action-related studies, there are five categories of experiments relevant to 

ideation: studies investigating: action observation, action imagination, visuo-motor
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conditional learning, verb generation, and tool processing tasks. Sections 2.1 A to 2.IF 

and Tables 2.1 A to 2.IF describe the tasks; and the results are compiled in Tables 2.2A 

to 2.2F. In Sections and Tables 2.7 to 2.8 A and B, action ideation tasks and results are 

discussed. Semantic retrieval is reviewed in Sections 2.4 to 2.5 and Tables 2.3A and B. 

The results are complied in Tables 2.4 A and B, and discussed in Section 2.6A and B. 

Finally, in Section 2 .7 ,1 give a brief synopsis of the experiments comprising this thesis.

2.1 Action ideation tasks

2.1 A Observation o f actions (see Table 2.1 A).

Many of these action observation experiments test the theory put forward by Rizzolatti 

et al. (1996a, 1998), that observing another person performing an action may evoke an 

'internal representation’ of the action. The neural correlates of the internal 

representation may be the same regions that mediate performing the action oneself. 

There is some biological evidence for this: in non-human primates so-called ‘mirror 

neurons’ in the premotor cortex (area F5c) fire when a monkey observes a specific 

grasping action and when the monkey performs the action (Rizzolatti et al. 1996). It is 

hypothesised that a possible human homologue of F5c, the inferior frontal gyrus (BA 

44) subserves the same function in the human (lacoboni et al. 1999).

Investigator Activation condition Control condition

1. Decety et al. 1994 Observe ‘alien’ hand grasping object Vs Imagine grasping object

2. Bonda et al, 1996 Observe point-light hand movements Vs Random movement.

3. Rizzolatti et al. 1996 Observe object being grasped Vs Observe object

4. Grafton et al. 1996 Observe object being grasped Vs Observe object

5. Decety et al. 1997 Observe meaningful/less gestures Vs Stationary gestures

6. Grézes et al. 1998 Observe meaningful/less gestures Vs Stationary gestures

7. Grézes et al. 1999 Observe meaningless gestures Vs Stationary gestures

8. Hermsdorfer et al. 2001 Match meaningless hand gestures Vs Match unfamiliar faces
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Two of the listed experiments (Decety et al 1997; and Grézes et al. 1998) also include 

data relating to the observation of meaningful (familiar) and meaningless (unfamiliar) 

gestures. This detail has been preserved in Table 1.1 as differences in regional 

activation between meaningful and meaningless actions may relate to action semantic 

processes.

2. IB Imagining or preparing to perform an action (Table 2. IB).

Many of the action imagination experiments investigate a theory put forward by

Jeannerod (1997) that imagining an action (without the explicit intention to execute it)

engages the similar neural regions as when an action is both conceived and executed. In

this summary, I have assumed that imagining an action and preparing to execute an

action have common cognitive components therefore I have collated the data over both

tasks. There are obvious differences though, if an action is to be performed imminently,

anticipatory mechanisms may come into play, while merely imagining an action without

pressure to act would not involve such processes.

Investigator Activation condition Control condition

1. Decety et al. 1994 Imagine grasping object Vs Observe ‘alien’ hand grasping object

5. Grafton et al. 1996a Imagine grasping object Vs Observing object

2. Parsons et al. 1995 Mental rotation o f hands Vs Rest

3. Parsons et al. 1998 Mental rotation o f hands Vs Rest

4. Stephan et al. 1995 Imagine moving joystick Vs Moving joystick

6. Deiber et al. 1996 Preparing to move joystick Vs Rest

7. Deiber et al. 1998 Imagine moving joystick Vs Rest

8. Krams et al. 1998 Prepare to move finger Vs Move finger

9. Rushworth et al 2001 Prepare to move finger/speak Vs Move finger/speak
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2.1C Visuo-motor conditional tasks (Table 2.1C).

These tasks involve arbitrarily linking particular visual symbols to specific movements 

(e.g. moving a finger in response to a red square) and retrieving these associations on 

demand. The action cues (visual symbols) must be translated by a meaning/association 

system into a motor response (e.g. responding to a red traffic light by pressing the 

brake). Tests used to screen for apraxia probe the ability to retrieve such arbitrary 

associations. For example, when gesturing to a verbal command, the gesture must be 

evoked by its name (an arbitrary/symbolic representation of an object). Of course the 

extent to which visuo-motor conditional tasks can be used as a metaphor for apraxia has 

limits. Most notably, gesturing involves negotiating space while in most visuo-motor 

conditional tasks minimal spatial processing is required, as the response is generated by 

pressing a key. Despite these objections, I make the assumption that the process of 

retrieving an arbitrary association bears similarities to the process of retrieving the 

appropriate gesture in response to a verbal command.

Table 2.1C. A list o f  visuo-motor conditional experimental tasks (results in Table 2.2C)

Investigator Activation condition Control condition

1. Dieber et al. 1997 Associate a joy-stick movement with a Vs Same movement regardless o f

specific visual symbol. symbol.

2. Grafton et al. 1998 Perform one of two precision grips Vs Alternate grips regardless of

depending on the visual symbol displayed. symbol.

3. Toni et al. 1998 Associate specific finger movement Vs Same movement sequence

sequence with abstract visual symbol regardless of symbol.

displayed.

4. Toni et al. 1999 Learn to associate finger movements with Vs Rest

specific abstract visual symbols.

5. Dasonville et al. Associate abstract visual symbol with Vs Move finger indicated by the

2000 finger movement direction o f an arrow stimulus

6. Schluter et al. 2001 Associate finger movement with symbol Vs Non-associated movement

sequence

Table 2.2C includes further detail about the experiment performed by Toni et al. (1999) 

which attempted to characterise the functions of particular regions in the visuo-motor
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retrieval process, they use an event-related experimental (fMRI) design which enables 

the activation elicited in a particular region to be linked to different time points in the 

same trial. For example, if activation in a region is always correlated to onset of the 

visual stimulus, it can be assumed that the area is involved in visual processing. If 

activation is always correlated to the response, it can be assumed that the area has a 

motor processing function. However, if the level of activation is sustained throughout 

the trial, the area is more likely to be involved in linking stimulus and response.

2. ID. Verb generation tasks (see Table 2. ID).

A verb is an ‘action word’ and thus generating the word ‘strum’ in response to ‘guitar’ 

is thought to elicit action experiences linked to guitars rather than merely being a 

verbally-learned association (Lissauer 1890; Allport 1985; McCarthy and Warrington 

1987; see Section 1.4 of Chapter 1). To extend this assumption to brain processes, the 

neural correlates for generating a verb may overlap with the neural regions involved in 

action ideation. Once again it is important to note that many processes are involved in 

verb generation that may not be involved in action generation (e.g. phonological, 

response selection, verbal short-term memory).

Investigator Stimuli Activation condition Control condition

1. Wise et al. 1991 Heard words Verb generation Vs Rest

2. Martin et al. 1995 Pictures & words Action-word generation Vs Colour-word
generation

3. Warburton et al. 1996 Heard words Verb generation Vs Rest

4. Grafton et al. 1997 Pictures Verb generation Vs Observation o f  
novel objects

5. Tatsumi et al. 1999 Heard words Verb generation Vs Rest

6. Xiang et al. 2000 Heard words Verb generation Vs Rest

7. Etard et al. 2000 Pictures Verb generation Vs Rest
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2. IE  Tool categorisation tasks (Table 2. IE)

Observing a tool or accessing its meaning may also involve access to action 

experiences.

Investigator Stimulus modality Stimulus category Stimulus category

1. Martin et al. 1996 Pictures Tools Vs Animals

2, Damasio et al. 1996 and Pictures Tools Vs Animals

Grabowski et al. 1997*

3. Perani et al. 1995, 1999* Pictures Non-living Vs Living

4. Mummery et al. 1996 Words Non-living Vs Living

5. Cappa et al. 1998 Words Non-living Vs Animals

6. Moore and Price 1999 Pictures Man-made Vs Natural

7. Chao et al. 1999 Pictures Tools Vs Animals

8. Chao et al. 2000 Pictures & words Tools Vs Animals

9. Devlin et al. 2002 Pictures & words Man-made Vs Natural

10. Devlin et al. sub. Pictures & words Tools Vs Living

11. Gomo-Tempini et al. 2000 Pictures Tools & body-parts Vs Faces & animals & 
maps

* two publications reporting the same data set
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2.1F Correlation between experimental tasks and cognitive components 

It is difficult to exactly correlate the neuroimaging tasks described in this review with 

the specific cognitive components proposed in Chapter 1 (Extrakinetic, Kinetic, 

semantic and visual-mechanical), as the experiments described in this chapter were not 

designed to neurally segregate these hypothesised components of praxis. However 

some tasks appear to draw more on some of these components than other tasks.

The experimental paradigms involving action observation and imagination may 

have a cognitive element in common. Rizzolatti et al. (1996) suggests that watching an 

action being performed engages the same neural regions as performing the action. 

Jeannerod (1997) suggests that imagining an action involves the same regions as overtly 

performing the action. Both theorists posit a neurally embodied ‘internal representation’ 

of the action. The retrieval of an internal representation of action could be the common 

cognitive feature between observing and imagining actions, and may be conceptually 

similar to Liepmann’s Extrakinetic engrams, which are (i) evoked consciously, rather 

than being externally cued and (ii) primarily visual, but with kinetic and tactile 

experiences also contributing.

In the visuo-motor conditional tasks, subjects were trained until they were able 

to retrieve actions in response to visual symbols without using verbal strategies, i.e. the 

association between a symbol and a finger movement was “automatic”. Liepmann 

(1988 in 1920) described Kinetic engrams as the units of action that allow one to 

perform gestures such as waving and making a fist, these action units were not verbally 

retrieved. Thus the processes involved in retrieving a finger movement to a symbol may 

also be common to retrieving a Kinetic engram.

In the verb generation and tools observation tasks, subjects retrieved semantic 

knowledge about actions. The neural correlates of retrieving action-semantic knowledge 

may be part of the semantic route to action. However, the extent to which semantic
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knowledge is evoked in the observation, imagination and visuo-motor conditional tasks 

is debatable.

Table 2. IF  Proposed correlation between the components o f action ideation and

neuroimaging tasks.
Observation Imagination Visuo-motor

conditional
Verb
generation

Tool
processing

Extrakinetic ✓ ✓ ? ? ?

Kinetic X X ✓ X X

Semantic ? ? ? ✓ ✓

Visual-mechanical ? ✓ X X ?

= cognitive component is probably involved in imaging task; ? = unclear whether 
the component is involved in task or not; X = probably not involved in imaging task
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2.2 Results: action ideation tasks

2.2A. Obseryation o f actions (see Table 2.2A )

In Table 2.2A (next page), there are several regions that consistently activate for 

observing actions. Several parietal regions have been reported in both left and right 

hemisphere, these are the superior and superior-inferior parietal cortex (BA 7), anterior 

inferior parietal cortex (BA 40) and intraparietal sulcus. Activation in these regions is 

greater for meaningless than for meaningful gestures (Decety et al. 1997; Grézes et al

1998), which implies that these areas are involved in spatial perception or planning of 

gestures.

In the temporal cortex, a posterior middle temporal area close to motion area 

V5/MT has been reported as being activated on the left, the right or bilaterally in every 

experiment listed (in some experiments motion is a confound). Similarly, the superior 

occipital cortex (BA 19) reported as activated in 5 out of 6 experiments is in the vicinity 

of higher-order motion area V3A.

The other activated regions were the inferior frontal gyrus (BA 45, 47), the 

medial and lateral inferior temporal cortex including the hippocampus and 

parahippocampus, (both of these regions were found to be more active for meaningful 

than meaningless gestures). Additionally, the middle/inferior occipital lobe (BA 17/18) 

was associated with meaningful stimuli on the left and meaningless on the right (Decety 

et al. 1997; Grézes et al. 1998).
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Study Decety et al. 1994 Bonda et al. 
1996

Rizzolatt 
i et al. 
1996

Grafton et 
al. 1996

Decety et al. 1997 
p<0.0005

Grezes et al. 1998 Grezes et al. 
1999

Hemsdôrfer 
et al 2001

Totals
N/7

Region L R L R L L L R L R L R L R L R

Frontal Mid - - - - - - 9 46 9 - - - - - - 1 1

Prefrontal Ven - - - - 45 45 47 45 - - - - - - - 3 0
Premotor Ven - - - - - - 44/45 - 44/45 - - - - - 2 0

Precentral Dors - - - - - - - 6 4 - - - 6 6 2 2

Dors Med - - - - - SMA Pre-SMA - - - - - - - 2 0

Parietal Sup - - - - 7 - 7 7 7 7/40 7 7 - 7 - 5 2
Inf - - IPS - - 40 - 40 40 40 IPS IPS 40 - 6 3

Temporal Sup - - STS - - 22/40, STS - - - 22 - STS - - 2 2

Mid 37/19 20,21 - 37/21 21 21 21 37/19 21,37/19 37/19 21 21 37 - 6 5
Inf - 37 37 - - - 28 2W37 37 37/18 20/38 20 - - - - - 3 2

Occipital Sup 19/39 - - - - 19 19 19 19 19 39/19 - 19 - 6 2

Mid 19 19 - - 19/37 - - - - - 19 - - - 3 1
Inf 18 18 17 17 - - 18 18 19/18 - - - - - 4 3

Cerebellum - / / ? ? ns ns / - - / - / - - 2 3

Abbreviations: Mid. =middle, Inf.= inferior, Ant. = anterior, Sup. = superior. Dors = dorsal, Ven = ventral; ns = not scanned, SMA= supplementary motor area, Pre-SMA = pre- 

supplementary motor area, IPS = intraparietal sulcus, all other regions reported as Brodmann areas; n/a= not applicable, / =  reported. Colours (Decety et al. 1997; Grezes et al. 

1998) indicate behaviour o f regions during different conditions: Blue = activated specifically for observation of meaningless actions. Red = activation specific to observation of 

meaningful action. See main text for explanation.
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2.2B Imagination and preparation o f  an action (see Table 2.2B)

The regions consistently reported as activated during action imagination and preparation

were the left inferior frontal gyrus ( BA 44, opercular part); bilateral dorsal precentral

gyrus (BA 6); left anterior inferior parietal cortex (BA 40); superior/middle temporal

gyrus and sulcus (BA 22/21) and the cerebellum in the right hemisphere more

frequently than the left. The only regions activated for both action imagination and

observation were the anterior inferior parietal cortex (BA 40) and left temporal cortex,

although the middle and superior activations found for imagining actions (BA 22,21)

were located dorsal to those found for observing actions (middle and inferior temporal,

BA 21, 37). These temporal and parietal regions may form the neural substrates of the

Extra-kinetic engrams described by Liepmann (1988 in 1920).
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Study Decety et al. 1994 Parsons et al. 
1995

Parsons et 
al. 1998

Stephan et 
al. 1995

Grafton et 
al. 1996a

Deiber
1996

et al. Deiber et 
al. 1998

Krams et al. 
1998

Rushworth et al. 2001 Totals

Region L R L R L R L L R L R L L R L R L R

Frontal Sup 8 - - - - 9 - - - - - - - - SFS - -

Mid 9 10 46 9 10 - - - - - - - 9 - 9/46 - - 9/46 -
Prefrontal Ven - - - - - - - - - - - - - - 47 - I 0

Premotor Ven _ _ 44 44 _ - 44/45 44/6 _ 44 _ 44/45 44/6 _ 44 44/ 9 0
44/45 6

Precentral Ven 6 6 44/6 - - - - - - 6 - - - - - 6 3 2
PS

Dors 6 - 6 6 6 - - 6 6 6/4 6/4 - 6 6 - - 6 4
Dors Med - - - - - - - - - SMA - Pre-SMA SMA - - - 3 0

Postcentral Dors I 2 3 - - - - - - - - - - - - - CS PCS - 2 0

Cingulate Ant 32 32 - - - - - - - - - 32 32 - - - 3 I

Parietal Sup - - 7 7 7 7 - - - 7 - - - - - - 3 2

Inf 40 - 40 40 40 - - 40 - 40 40 39/40 40 40 40 IPS - 8 3

Temporal Sup STS - - - - - - 22 - 42 - - STS - 22 STS - 5 0

Mid - - - - 37 - 21/37 - - - - - - - 21 - 3 0

Occipital Sup - - - - 19 19 - - - 19 - - - - - - 2 1
Mid / Inf - - - - 18 18 17 - - - - - - - - - - I 1

Thalamus V L - - - - - - - - - - - / - - - 2 0

Cerebellum - - - / / / - - - - - / - - / - / 2 4
B.C. Cau Pu Cau - - - - - - - - Cau - Str - - Pu 3 2

Abbreviations: Mid. =middle, Inf.= inferior, Ant. = anterior, Sup. = superior. Dors = dorsal, Ven = ventral; n/s= not scanned, SFS = superior frontal sulcus, SMA= supplementary 

motor area, Pre-SMA = pre-supplementary motor area, /  ^reported, n/a= not applicable, SFS= superior frontal sulcus, CS = central sulcus, PCS = dorsal precentral sulcus, VPS = 

ventral precentral sulcus, IPS = intraparietal sulcus, VL ^ventral lateral nucleus, Cau = caudate. Pu = putamen, Str= striatum; all other regions reported as Brodmann areas.
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2.2C Visuo-motor conditional (see Table 2.2C)

In Table 2.2C, the region activated most consistently, was the left dorsal premotor 

cortex and the left superior parietal cortex (BA 7, 5) reported for almost every 

experiment in this group. With regard to the left dorsal premotor cortex, Toni et al. 

(1999) report that this area shows sustained activation in the interval between 

presentation of the stimulus (instruction cue) and the generation of the appropriate 

motor response (trigger cue) suggesting that its role is in retrieving the appropriate 

visuo-motor association.

Two thirds (4/6) of authors reported activation in the anterior intraparietal sulcus 

(IPS) and neighbouring anterior inferior parietal cortex (BA 40) bilaterally, as found for 

the action observation and action imagination tasks and attributed to retrieving Extra- 

kinetic engrams. However, Toni et al., (1999, 1998) associate activation in the anterior 

inferior parietal cortex (BA 40) with the cue for motor response, suggesting that this 

region is part of the action production rather than the action ideation system. In contrast, 

the IPS is activated only for visual stimuli linked to over-learned manual responses, i.e. 

the action and cue are directly linked, rather than the association being verbally 

mediated (Toni et al. 1999). Their findings suggest the function of this parietal area has 

more in common with Kinetic rather than Extra-kinetic processes.

Half of the studies listed, also reported activation in the left inferior occipital 

cortex (associated with stimulus presentation by Toni et al. (1999), the left dorsal 

postcentral gyrus, left thalamus, and bilateral cerebellar cortices (associated with motor 

response by Toni et al. 1999,1998).
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Study Dieberetal. 1997 Grafton at al. 1998 Toni at al. 1999 Dasonvilla at al. 2000 Schlutar at al. 
2001

Toni at al. 1998 Totals

Region L R L L R L R L L R L R
Frontal Sup - - SFS 6 - - - - - - 2 0

Mid - - - - - 9 9 10 46 - - 46 10 1 2
Inf - - - IPS - - - IPS - - 2 0
Inf - - - Oper. - Insula Insula - - - 2 1

Precentral Ven - - - - - 6 6 - - - 1 1
Dors 6 - 6 6 - 6 6 6 6 - 6 I
Dors
Med

- - - SMA - - - - SMA - 2 0

Dors
Med

- - - - - Pre-SMA Pre-SMA - - - 1 1

Cingulate Ant 24 - - - - - - - 32 CMA - 2 0
Postcentral Dors - - - 4C S - - - 1/2/3 1 2 3 4 - 3 0
Parietal Sup 7 - 7 5 - 7 7 - - 7 5 1

Inf - - - IPS 40 IPS 40 IPS IPS IPS 39/19 IPS IPS 4 3
Occipital Sup 19 - - 19/37 - - - - - - 2 0

M id./Inf - - 17/18 17 18 17 18,19 18,19 - - - 3 2
Thalamus - / - - VA - - - - VL - 3 0
Cerebellum - nuclei verm ns / a n t / a n t - - - / a n t / a n t

verm
3 3

Basal ganglia - - - - - - - - - Cau, Put PutG P 1 1

Abbreviations: As in previous table plus Oper. = frontal opereulum, CS = central suleus, IPS = intraparietal sulcus, VA=ventral anterior nucleus, CM A= cingulate motor 

area, Cau = caudate. Put = putamen, GP= globus pallidis; all other regions reported as Brodmann areas. Colours apply only to Toni et al. experiments (1998, 1999) and 

indicate behaviour o f  regions during different conditions Blue = activated with motor response cue; Green = activated with instruction cue; Red = Sustained activation; 

Pi IK = activated during learning; G rcy= Activated when response is automatic; see main text for explanation.
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2.2D Verb Generation (Table 2.2D)

The verb generation task (Table 2.2D, next page) consistently activated left ventral 

frontal and posterior temporal cortices. The left ventral frontal activation included 

inferior frontal sulcus, anterior insula, inferior frontal gyrus (BA 44) and the ventral 

precentral gyrus (BA 6). The inferior frontal gyrus (BA 44) was also reported for the 

action imagination task.

The left temporal regions included posterior middle temporal cortex (BA 21/37, 

also activated for action observation) and the adjacent superior temporal sulcus (BA 

21/22, activated for action imagination).

Although there appears to be less consistency between experiments in this task 

group, it must be appreciated that peak regions of activation within both frontal and 

temporal cortices lie within a few millimetres of each other. It is highly probable that 

the clusters of significant activation around each peak co-ordinate extend into 

neighbouring Brodmann areas.

2.2E Tool Categorisation (Table 2.2E)

In tool categorisation (Table 2.2E) only one regions is highlighted: the left posterior 

middle temporal cortex (found in 10/14 experiments). The left posterior middle 

temporal cortex has been reported in action observation and verb generation, the 

adjacent but more dorsal superior temporal sulcus was reported for action imagination 

tasks and the inferior frontal gyrus has been activated in action imagination, and verb 

generation tasks.



Table 2.2D Activations associated with verb generation tasks

77

Study
Wise et 
al. 1991

Martin et 
1995

al. Warburton 
e ta l 1996
(four experiments reported)

Grafton 
et al. 
1997

Tatsumi et al. 
1999
(4 experiments 
reported)

Xiang 
et al. 2000

Mellet 
et al. 2000

Totals
N/14

Region L L R L R L L L R L R L R

Frontal Sup. - - - SFS" - - SFS' - - - - 3 0

Inf - - - IPS" - IFS - IPS - - - 5 0

Operculum - - - - Insula'' - Insula'' - - Insula - 6 1

Prefrontal Ven - 45/47 - 45/46' - - - 45 - 47 - 5 0

Pre motor Ven 44 44 44/45 - 44' 44/45" - 44 44/9' - - 44 44 7 1

Precentral Ven - - - 6 \ 4 ' - 6/44 6" - - - - 4 0

Dors - 6 - - - 6 - - - - - 2 0
Dors Med - - - Pre-SMA - - - - Pre-SMA - 1 1

Dors Med SMA - - - SMA" - SMA" - - SMA - 3 3

Cingulate Ant - - - - 32" - 32' 32 32 32/24 - 3 4

Parietal Post Inf - - 40 39', 19/39', 40' - - - - - - 1 1

Temporal Sup 22 STS - STS' 22/42', 22', - STS" 22 - 22 - 6 4
STS'

Post Mid - 21/37 37 - 37' p2l" 21/37' - - - 21/37 - - - 4 0

Thalamus - - - - /T  --  - - / ' - - - - - - 3 1

Cerebellum - ns - / ns Ns ns ns ns ns - / ns ns

Basal ganglia - - - Pu Lent' Cau' Lent', Cau' - - - - - Pu 1 3

Abbreviations: Mid. =middle, Inf.= inferior, Ant. = anterior, Sup. = superior. Dors = dorsal, Ven = ventral; ns = not scanned, Cau = Caudate; Lent = Lenticular nucleus; Pu 

= Putamen; IPS = inferior frontal sulcus; SFS = superior frontal sulcus; /  = reported. Superscripted numbers e.g. IFS^= replicated over 2 experiments reported in the same article.
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Totals
N/14

Region L L L L L L L L L L L L L R

Frontal Mid - 46 - - - - - - - - - - 2 0
Prefrontal Ven - - - - - - - - - - - - 2 0
Premotor Ven 44 44/45, 44/6 - - - 44/45 - - Ins - - - 4 0

Dors - - - - - - - - - - - - 2 0
Cingulate Ant 32 32 - - - - - - 6 ' - - - 3 0
Parietal Inf 40 - - 40 - - - - 40= - 40 - 5 0

Temporal Post Mid 21/ - - 21/ 21/37 21 21/37 21/37 - 21/37 21/37 21/37 100
37 37 37/21=

Inf - 37/21 37 - PHG - - 37 - 37 - - 5 0

Abbreviations: Mid. -m iddle, In f.- inferior, Ant. = anterior. Sup. = superior. Dors = dorsal, Ven = ventral; ns = not scanned. Ins = insula; all other regions 
reported as Brodmann areas; superscripted number^ indicates that the regions reported were found in 2 separate experiments reported in the same publication.
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Table 2.2F The most consistent activations for ail action tasks

Frontal Parietal Temporal Occipital Cerebellum
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(/)

3.

L R L L L L L R L L R L R L R L R L R

Action
observation

V s/ V/ y>

Action
Imagination

V V V V V

Visuo-motor
Conditional

V V V ✓

Verb
Generation

V V» ✓ V

Tool
Categorisation

V»

Total N/5 3 1 1 1 2 1 1 1 2 3 2 3 1 2 1 1 1 n/a n/a



80

2.3 Discussion: Regions consistently involved in * action ideation’ tasks

Table 2.2F highlights the regions commonly activated for two or more experimental 

groups. These are: left dorsal precentral (BA 6) cortex, left ventral premotor cortex (BA 

44), superior parietal cortex (BA 7), inferior parietal cortex (BA 40 and IPS), the 

posterior middle temporal gyrus (BA 21/37), the superior temporal sulcus/gyrus (BA 21 

122) and right cerebellum.

In Table 2.IF, I speculated as to which of the four cognitive elements of action 

ideation each neuroimaging task type would involve. The implication being that two 

tasks utilising the same cognitive component might also exhibit activation in the same 

region or network of regions, and this activation would constitute a neuronal correlate of 

the cognitive element. The results of this review did not reveal clear-cut cognitive- 

anatomical associations. For example the left dorsal precentral gyrus (BA 6) was 

activated for both action imagination and visuomotor conditional tasks which were not 

hypothesised to share one of the four proposed cognitive elements. The functions of the 

neural regions highlighted in this review will therefore be explained with reference to 

the human functional neuroimaging and neurophysiological primate literature.

2.3A Frontal activations

The left dorsal precentral gyrus (BA 6) was consistently reported in two out the five 

task categories: visuo-motor conditional, and action imagination. This area is 

conventionally thought to be involved in the execution of a manual response, it has been 

dubbed the ‘hand area’ (Fink et al. 1997). Its role in imagining actions can be reconciled 

with its involvement in response execution if according to Jeannerod (1997) 

imagination and execution share neural substrates. However, Krams et al. (1998) find 

that activation in this region is enhanced for preparing to act versus execution of the 

action, suggesting it is more involved with action ideation than action production.
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The dorsal precentral gyrus is also known to be involved in retrieving visuo-motor 

associations. In monkeys, if the homologous region (PMd) is lesioned, the animal is 

unable to learn visuo-motor conditional tasks (Petrides, 1982; Halsband and Passingham 

1982, 1985). This evidence coincides with the findings of Toni et al. (1999) which 

suggests that dorsal BA 6 is involved in the retrieval of visuomotor associations in 

humans as well. Liepmann (1988; 1920) and Geschwind (1965b) both proposed that the 

premotor cortex is crucial to action ideation, and these neuroimaging findings appear to 

support this hypothesis. However Faglioni and Basso (1985) found very few cases in 

which a frontal lesion caused apraxia, and Haaland et al. (2000) reported that middle 

frontal rather than precentral lesions are associated with apraxia. It is important to 

remember however that only ideomotor apraxics were investigated in these studies, 

lesions resulting in ideational/conceptual apraxia are less well characterised.

The left ventral premotor cortex (BA 44) was consistently reported in two out of 

five tasks: action imagination, and verb generation. Notably BA 44 may have been 

misreported in the action imagination task. Using a probability atlas, (Tomiauolo et al

1999), Grézes and Decety (2001) assessed whether the activation attributed to BA 44 

really did lie within its boundaries. Most were outside its boundaries, located caudal to 

BA 44, in the ventral precentral sulcus or gyrus. The verb generation experiments on the 

whole, accurately reported the location of BA 44. Grézes and Decety suggest that in 

these experiments, BA44 is not related to action, but to silently verbalising the response, 

certainly verb generation is verbally mediated. Possibly, consciously imagining an 

action also involves internal speech. Notably, BA 44 is not involved in articulating 

speech (Murphy et al. 1998, Wise et al 1999) and has been reported for general 

semantic retrieval tasks (Poldrack et al. 1999). Overall the evidence suggests that BA 

44 is related to a verbal component of action retrieval
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2.3B Parietal regions

The superior parietal cortex (BA 7) was reported in both left and right hemispheres for 

two out of the five tasks: action observation and visuo-motor conditional. The role of 

this region in visuo-motor conditional tasks is thought to be in integrating sensory 

stimuli with a motor response (Anderson et al. 1997) -  it is also activated during 

selection of action in response to auditory cues (Deiber et al., 1991; Grafton et al. 1992) 

and during the execution of a motor response (see Grézes and Decety 2001). It is also 

found to be more active for observing meaningless than for meaningful actions (Decety 

et al. 1997; Grézes et al. 1998).

The inferior parietal cortex (BA 40, IPS) was consistently reported in three out of 

the five tasks. For action observation and visuomotor conditional tasks, activation was 

reported bilaterally, for action imagination it was lateralised to the left hemisphere. 

Support for the role of BA 40 in the ideation and execution of actions and gestures is 

compelling. Recent neurophysiological studies in monkeys disclosed that there are 

several classes of neuron involved in hand actions in a possible area of homology, 

primate AIP. Some neurons are activated by the sight of an object, others showed a 

corresponsence between the pattern of hand movement and the spatial characteristics of 

the object to be manipulated (Sakata et al., 1995; Taira et al. 1990). These findings have 

led to the suggestion that the anterior inferior parietal region enables actions to be 

elicited on the basis of an objects’s ‘affordances’ (Rumiati and Humphreys 1998, see 

Chapter 1). The inferior parietal cortex was hypothesised to be the part of cortex in 

which kinetic/visuokinesthetic engrams are stored (Liepmann 1988 in 1920; Heilman 

1982). Indeed damage to this region consistently results in ideomotor apraxia (Haaland 

et al. 2000; Faglioni and Basso, 1985). The involvement of anterior inferior parietal 

area in ideational apraxia is less established, however two neuroimaging experiments 

investigating ideational praxis (gesture performance in response to pictures and names 

of objects versus a meaningless action sequence), report activation of the intraparietal
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sulcus (Moll et al., 1999, 2000). This result awaits further validation as Moll et al. used 

a subtraction design which did not control across conditions for gestural response.

2,3C Temporal regions

The posterior middle temporal cortex was reported in three out of five tasks, bilaterally 

for action observation, and lateralised to the left hemisphere for verb generation and tool 

categorisation. In some experiments, inadequate experimental control conditions were 

used therefore is not clear whether the activation in this region during the action 

observation tasks is due to visual motion rather than action ideation. However, in favour 

of a role in action ideation, this area is also activated for verb generation and tool 

categorisation tasks. Neighbouring superior temporal gyrus (BA 22) and sulcus (BA 

21/22, STS) are also activated during verb generation and action imagination. In the 

primate, individual cells within the lower bank of STS fire selectively in response to 

specific hand actions and for gaze directions (Perrett et al., 1989; Oram and Perrett, 

1996). In the human, there may be continuity of function between the posterior middle 

temporal cortex and the lower bank of STS as they are cytoarchitectonically similar 

(both are classed as BA 21). Temporo-occipital lesions have not explicitly been 

associated with apraxia although Rothi et al. (1986) report two patients with temporo- 

occipital lesions who exhibit ‘gesture agnosia’. So far the evidence presented is 

consistent with the involvement of these temporal areas in visually mediated action 

perception and ideation suggesting functional similarities with the concept of an Extra- 

kinetic engram.
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2.3D Summary o f action ideation

Of the six regions consistently involved in action ideation tasks the left parietal areas 

BA 40 and BA 7 seem more concerned with the spatial elements of tasks. The 

intraparietal area appears involved in visual processing of the stimulus for action 

purposes and the left dorsal precentral gyrus in associating stimulus and motor response. 

These areas may be the neural correlates of the non-semantic (structural or mechanical) 

route to action and Kinetic engrams.

The inferior frontal gyrus (BA 44) and a posterior middle temporal region (BA 

21/37) were both frequently reported for semantic action tasks (verb generation and tool 

categorisation). BA 44/45 was enhanced for observing meaningful gestures (see Decety 

et al. 1997 and Grézes et al. 1998; Table 2.1) and during action imagination. BA 21/37 

was consistently reported in tool categorisation and verb generation tasks. The adjacent 

superior temporal sulcus is activated during action imagination and verb generation 

tasks. The behaviour of this constellation of neural region suggests an involvement in 

action-semantic processing and they may correlate to retrieving Extra-kinetic engrams 

or embody the semantic route to action.
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2.4 Semantic processing tasks

Neuroimaging experiments investigating the retrieval of semantic knowledge usually 

require subjects to perform some kind of decision task based on their general knowledge 

of the world. For example, deciding whether a stimulus is living or non-living 

(Démonet et al. 1992), or if it is found in a particular location (Mummery et al. 1998). 

In other tasks designed to probe semantic processing subjects are asked to generate 

word types e.g. from a particular category (Mummery et al. 1996) or words that have a 

similar meaning to the presented word stimulus (Klein et al. 1995). Although these 

tasks employ a range of cognitive processes, they should hold in common the 

requirement for semantic retrieval mechanisms. However a more important difference 

between these experiments is the baseline task used to separate neural activation from 

semantic retrieval. The pattern of activation in each experiment varies according to the 

control conditions used for comparison. For this reason, I have separated experiments 

into two categories according to the control task subtracted from semantic retrieval: (i) 

minus perceptual processing (Table 2.3A) and (ii) (Table 2.3B) minus phonological 

processing (see next page).
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Table 2.3A Semantic decision versus perceptual decision (see Table 2 A  A)
Investigator Activation condition Stimulus type Control condition

1. Kapur at al. 1994 Semantic decision Written words Lexical decision:

detect letter “A”

2. Vandenberghe at al 1996 Semantic decision Pictures & written words screen size

3. Bindar at al. 1997 Semantic decision Heard words Pitch detection

4. Jannings at al. 1997/8 Semantic decision Written words Letter detection

5. Maguira and Mummary 1999 Retrieval of stored world Written questions Passive reading of

and personal knowledge nonsense sentences

6. Poldrack at al. 1999 Semantic decision Written words Letter decision

Table 2.3B Semantic decision versus phonological decision (see Table 2.4B for results)

Investigator Activation condition Stimulus type Control condition

1. Demonet et al. 1992/4 Semantic decision Heard words Phonological decision

2. Klain at al. 1995 Synonym generation Written words Rhyme generation

3. Pugh at al. 1996/1997 Semantic decisions Written words Rhyming decisions

4. Mummary at al. 1996 Category-word Written words Generating words from initial

generation letter

5. Prica at al. 1997 Semantic decisions Written words Syllable decision

6. Mummary at al. 1998 Semantic decisions Written words Syllable decision

7. Poldrack at al. 1999 Semantic decisions Written words Phonological decision

2.5 Results: semantic retrieval tasks

For semantic versus perceptual decisions, four left-lateralised regions were revealed 

consistently across experiments: the anterior middle temporal gyrus (BA 21), the 

anterior medial temporal cortex (BA 28, 34, 36), the middle and inferior frontal cortex 

(BA 8,10,11,46), and the ventral prefrontal cortex (BA 45,47).

Semantic retrieval minus phonological decision revealed five left lateralised 

regions: the posterior and anterior cingulate area (BA 23, 24, 32), the inferior parietal 

cortex (BA 39, 40), inferior temporal cortex (BA 37/20). Finally the anterior temporal 

cortex (BA 28, 38) and ventral frontal cortex (BA 45, 47, 11) were activated (as also 

reported for the semantic minus perceptual comparison).
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Region L L R L R L R L R L L R
Frontal Sup/Mid 10 - - 8 - - - 9/10 - - 2 1

Mid/Inf 46 11 - 46 - 11/10 10 9/44 II - - 4 1
Prefrontal Ven 45 47 45 47 - 45 47 - 45 - 45/47 47 - 6 1
Premotor Ven - - - 44 - - - 44 - - 2 0
Cingulate Ant/ Post - - - 32 23 - - 32 - - 31 2 1
Parietal Inf - 19/39 - 39 - - - na na - 1 0
Temporal Sup - - - STS STS 22 22 na na - 2 2

Ant mid - 21 - 21 - - - na na 21 3 0
Post Mid 21 - - - - - na na - 1 0
Inf - 21/37 - 20 - - - na na - 2 0
Med - 34 - 28 - - - na na 28/36 3 0

Cerebellum - - - / - - - / na na - 0 2
Basal - - - - - - - - Cau Cau _ 1 1
ganglia

-  fMRI experiment, other abbreviations as in previous tables. NB Poldrack et al. 1999 defines cortex anterior to VAC line as region o f  interest
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Table 2.4B Semantic decision versus phonological decision
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F ron ta l Sup 8/9 8 - - - - - - - 2 0
Mid - 9/46 - - - - - 9 2 0

Prefrontal V en - 47 45 - - 4 7 , 11 - - 47 3 0
Pre motor Dors - - - - - - - - 6 I
Premotor Ven - - - - - - - - 44 1
Cingulate Post/Ant 23 24/32 - - 23 - - - - 3 0
P arietal Inf 40 39 - - - 39 39 - na 3 0
Tem poral Sup - - - 22 42 - - 22 - na 2 1

Ant Mid - - - 21 21 - 21 - na 3 1
Post 37/20 37/20 - 37 37/20 - - - na 4 0
Ant Med - - - 38 28 38 28 38 28 - na 4 0

O ccipital Sup 31 - - 31 - - - - na 2 0
Mid - 17/18 - - - - - - na 1 0

Cerebellum - Verm / - - - - - na 1 1

Abbreviations as in previous tables. NB Poldrack et al. 1999 define region o f  interest as cortex anterior to VAC line
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2.6 Discussion: Semantic retrieval results

When semantic retrieval is compared to phonological retrieval or perceptual decision

making, two regions are revealed the left ventral prefrontal (45, 47) and the left medial 

anterior temporal cortex (BA 28, 34, 36, 38). The following discussion focuses on these 

regions.

2.6A The left inferior frontal gyrus

There is debate over whether the inferior frontal gyrus (BA 47 and 45) is an area 

specifically associated with semantic memory function, or common to memory retrieval 

processes generally.

Gabrieli et al. (1996) tried to deduce whether these areas are involved in 

semantic or general memory retrieval. They found that areas 45 and 47 are most active 

when subjects make semantic decisions, even when the baseline condition is making 

non-semantic judgements about the same stimuli. This result was replicated when the 

tasks were equated for ‘difficulty’, (Demb et al., 1995; Poldrack et al., 1999). 

Furthermore areas 45 and 47 showed semantic adaptation i.e. responses decreased in 

these regions when the same semantic decision was made to the same stimuli, but not 

when the same non-semantic decisions were made (Demb et al. 1995; Wagner et al. 

2000). BA 45 and 47 also respond selectively to the meaning more than the syntax of 

sentences (Daparetto and Bookheimer 1999) adding credence to the hypothesis that 

their function is related to semantic processing.

Another interpretation of activity in these areas is that they become involved 

when there is a high response-selection demand, i.e. choosing one response amongst 

many ‘competing alternatives’. For example when generating verbs in response to 

nouns, BA 45 and 47 are more active when there are many response possibilities than 

few, e.g. the verbs ‘turn’, ‘roll’, ‘spin’ could all be generated in response to the noun
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‘wheel’ (Thompson-Schill et al. 1997). It is also reported that patients with inferior 

frontal lesions are impaired when tested on stimuli with high but not low selection 

demands (Thompson-Schill et al. 1998). Another view is that increased selection 

equates with greater demands on retrieval processes.

A third interpretation of the function of these areas (especially BA 45) is that 

they are involved in forging new stimulus-response associations (Passingham et al. 

1993). This hypothesis is partly derived from the study of cerebral function in primates 

and will be elaborated further in Chapter 6.

2.6B The medial anterior temporal cortex.

Damage to the anterior temporal cortex has been associated with profound deficits in 

semantic knowledge (Snowdon et al. 1989; Hodges et al. 1992) Recently, Mummery et 

al. (1999) compared structural anatomy and neural activation in patients with semantic 

dementia and normal subjects. They found that compared to normals, the semantic 

dementia patients had significant anterolateral temporal atrophy in the region of BA 

38, the temporal pole. This temporal polar region abuts the more medial temporal areas 

(medial temporal pole, parahippocampal gyrus and hippocampus) highlighted in Tables

2.4 A and B. The importance of the anterior temporal regions in semantic processing 

(especially the temporal pole, BA 38) is not represented by the data reported in Table 

2.4. This is because many PET and fMRI studies exclude the anterior temporal cortex 

(the PET/fMRI field of view being less than total brain size). In addition fMRI 

investigations (indicated by an asterix in Tables 2.4 A and B) are unlikely to report 

these regions because radio-frequency signals from the anterior temporal cortex are 

weak due to the proximity of the sphenoid sinus which creates signal ‘drop-ouf 

artifacts (see Devlin et al., 2000).

In summary, two areas important for semantic retrieval (the left ventral 

prefrontal and left anterior temporal cortices) have been highlighted in Tables 2.4A and
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B. However other non-activated brain regions may also be involved, as illustrated by 

Mummery et al. 1999, who found that compared to normals, the semantic dementia 

patients also had significantly reduced responses in the undamaged left posterior middle 

temporal cortex. Mummery et al. suggest that both anterior and posterior temporal 

regions are required in semantic tasks and that in the dementia patients the connection 

from anterior to posterior temporal cortex is damaged, explaining the reduced activation 

in posterior cortex. This study illustrated that a complex of temporal regions is required 

for the performance of semantic tasks, one of which are the anterior temporal regions 

highlighted in this review.

2.6C Implications o f these data for experiments investigating praxis.

This review provides a heuristic to inform future neuroimaging experiments, it 

highlights six neural regions involved in action ideation-related tasks. These were the 

parietal and dorsal premotor cortices for the spatial and visuo-motor components of 

action (perhaps correponding to visual-mechanical processes); and left posterior middle 

temporal (LPMT) and left inferior frontal gyri for the semantic components of action. 

Two broad anatomical regions were revealed as consistently involved in semantic 

retrieval (see previous section)

. However, due the limitations inherent to such a review (variation in (i) 

reporting Brodmann areas, (ii) subjects (iii) scanning methodology (iv) statistical 

methodology), the extent of neural overlap between semantic retrieval systems and the 

ideational components of praxis remains an experimental question best addressed with 

specifically designed functional neuroimaging experiments.
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2.7 The aims of this Thesis

2. lA Synopsis o f the experiments comprising this thesis

In this thesis, neuroimaging (Positron Emission Tomography) is used to investigate the 

neural correlates of some of the cognitive components of praxis and semantic retrieval. 

Several different perspectives are taken on this issue. The first four experiments 

(Chapters 4 and 5) take a neuropsychological approach, with their experimental 

questions motivated by the theories discussed in Chapter 1. The fourth experiment 

(Chapter 6) is motivated by the study of non-human primates and neuroimaging in 

humans. Two questions are broached in this sequence of experiment, the first addresses 

the relationship of the praxis system to other neural-cognitive systems: to what extent is 

action ideation neuroanatomically separable from semantic retrieval processes? The 

second question relates to the neural composition of the cognitive processes thought to 

make up the praxis system and asks whether it is possible to separate semantic and non- 

semantic strategies/routes for action generation at an anatomical level?

2.7B Experiments 1, 2, and 3 (Chapter 4)

In Chapter 4, Experiments 1 2 and 3 address whether it is possible to neuroanatomically 

separate semantic and non-semantic strategies for praxis. In each experiment the task 

was to decide how to act (“twist” or “pour”) in response to the name of an object, or a 

picture of an object. It was assumed that when deciding how to act in response to the 

name of an object, semantic processing is necessary, therefore associated neural 

structures (summarised in Table 2.7) would be activated. In contrast, when making an 

action decision from a picture of an object, it was assumed that semantic processing is 

less necessary and structural descriptions and visual affordances are more important. 

Therefore, neural regions associated with visual processing of structure were expected 

and it was predicted that activation in ‘semantic regions’ would be significantly
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reduced. Action ideation regions (see Table 2.6) were expected to be common to 

actions in response to object pictures and object names.

2.7Bi Experiment 1

A subsidiary aim in Experiment 1 was to establish whether the neuroanatomy for 

retrieving actions is dissociable from the regions involved in retrieving other semantic 

features. The tasks compared were (i) action retrieval and (ii) size retrieval (e.g. is a 

screwdriver is longer or shorter than a fork?)

2.7BU Experiment 2

Experiment 2 attempts to segregate three ‘routes’ to action generation, by trying to 

encourage subjects to use affordances, structural descriptions and semantic knowledge. 

This is attempted by varying the availability of semantic knowledge and the familiarity 

of the stimuli. Actions retrieved in response to object names (to segregate the semantic 

route), pictures of familiar objects (to encourage the use of structural descriptions) and 

novel objects (to encourage the use of affordances). It was tentatively hypothesised that 

the using affordances to cue actions would be associated with left anterior parietal 

activation.

2.7Biii Experiment 3

In Experiment 3 the response mode was changed, instead of responding by pressing a 

key (as in experiments 1 and 2), subjects pantomimed twisting and pouring actions 

using a manipulandum. The purpose of this was to make the imagined actions more 

explicit, and to encourage to use of affordances.

2.7C Experiment 4 (Chapter 5)

Experiment 4 investigates the theory that processing tools involves the neural system 

for praxis, more than other objects such as fruit which are not defined in terms of 

actions. This was first hypothesised by Warrington and Shallice (1984) and Warrington 

and McCarthy (1987). Neural activation in support of these theories would constitute
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finding that action retrieval (irrespective of category) and tool processing share regions 

in common.

2.7D Experiment 5 (Chapter 6)

This experiment attempts to establish whether retrieving vocally mediated and manually 

mediated actions, involves a common retrieval system. In other words it addresses 

whether retrieving learned speech and actions rely on the same retrieval mechanisms. 

While the first four experiments are driven by neuropsychological questions, the 

rationale for Experiment 5 is derived in part from work on the non-human primate, and 

in part from the neuroanatomical models described in Chapter 1. In monkeys, the 

ventral frontal cortex is involved in associating a stimulus with an action. In humans, 

the praxis models of Liepmann, Geschwind and Heilman, and some of the 

neuroimaging evidence suggest that speech as well as limb action may both rely on the 

ventral frontal cortex, (inferior frontal gyrus). If this is the case for humans it would 

help to explain why aphasia and apraxia often occur together. The relevant primate 

literature is reviewed in the Introduction of Chapter 6.

2.7E Conclusions (Chapter 7)

The results of this sequence of experiments are used to formulate and discuss possible 

neuro-cognitive models of action ideation. In addition, the biological plausibility of the 

cognitive make-up of the praxis system put forward by several theorists in Chapter 1 is 

considered.
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CHAPTERS: METHODOLOGY

3.0 Overview

This chapter describes (i) Why Positron Emission Tomography (PET) is suited to 

localising cognitive function in the human brain; (ii) the types of experimental design 

best suited to this technique; and (iii) the basic principles of the SPM 99 (statistical 

parametric mapping) software package^ used to process and statistically analyse the 

PET data.

3.1 Using PET to investigate the neural correlates of cognitive function

Positron Emission Tomography (PET) allows the imaging of biological processes in 

vivo. The technique involves injecting a radioactive tracer into the circulation and 

measuring its regional concentration in the brain. Increase in regional cerebral blood 

flow (rCBF) is signalled by an increase in the tracer count (gamma ray emission), and 

can be localised to a particular brain region (see Appendix LI for further description of 

the physical processes involved). The central assumption of this technique is that 

cerebral blood flow is an indirect measure of neural metabolism and thus neural 

activity. An increase in neuronal activity in a region of the brain implies that it has 

become more involved in the cognitive task being performed (see Frackowiak and 

Friston 1994). The limitations of this technique are its temporal resolution (60 

4seconds) and spatial resolution (12-16mm).

3.2 Experimental Design

To achieve comprehensible answers to the research questions, imaging experiments 

must be designed appropriately and control conditions must be included to ensure that 

the neural correlates of the psychological components of interest are being isolated from
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the confounds. A neuroimaging experiment is in some ways similar to a behavioural 

experiment in that subtractive and factorial (latin square) designs are used. There are 

limitations to how well a particular design will answer the experimental questions 

posed. Some of these limitations are common to all psychological studies others are 

specific to neuroimaging. This section briefly discusses the pros and cons of these 

design types.

3.2A Subtractive and factorial designs

Subtraction designs involve selecting an activation task that engages the cognitive 

component of interest and a baseline task that activates all but the component of 

interest. Serial task designs can be constructed, each additional task contributing 

another cognitive process and thus the brain regions associated with the added cognitive 

components are identified by serial subtraction of scans obtained during the different 

tasks. This procedure assumes that the additional activations are specifically due to the 

inserted cognitive component and for this to be true, it must be the case that there are no 

interactions between the components.

The assumptions of pure insertion seldom hold, and this is the principle 

weakness of the subtractive approach. Another problem with designing cognitive 

subtraction studies is finding baseline tasks that activate all but the processes of interest. 

For instance even when a baseline task does not require cognitive process there can be 

implicit involvement (e.g. when only required to view a word, one might automatically 

think about its meaning).

Rather than assuming pure insertion, factorial designs explicitly measure the 

interactions between cognitive conditions. In factorial designs there are two or more 

variables (or factors) and the different levels of each variable are matched. The main 

effects in activation studies identify brain areas where there is more activation in the

’ SPM 99 was developed by the Wellcome Department o f Cognitive Neurology, London, UK;
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sum of the activation tasks than in the sum of the control tasks. The interaction between 

variables, identifies areas where the effect of one variable changes depending on the 

context (the presence or absence o f another variable) (Figure 3.1 below). The merits of 

factorial over subtractive designs are discussed further in Price et al. (1996)

Figure 3.1 A

Context 1 
(no naming)

i ii

Context 2 iv
(naming)

iii

without A & with A
(e.g.. recognition)

Figure 3.1 B
interaction effect 

(AxContext)

task i ii

Context 1

111 IV

Context 2

Figure 3.1 A Schematic o f a 2x2 factorial design. 3.1 B. shows the magnitude o f activation in a 
particular voxel during all four experimental conditions. It shows that the activation elicited in 
this voxel increases during A (recognition) and in Context 2 (naming), but that the presence o f A 
interacts with Context 2. Thus when naming something that is recognisable activation in this 
voxel increases over and above the linear addition of activation in A plus activation in context 2.

3.2B Conjunction analyses

Cognitive conjunctions are an extension to the cognitive subtraction paradigm. While 

cognitive subtraction looks for differential activity between a pair o f tasks, cognitive 

conjunctions look for commonality in activation differences between two or more tasks

http//www.fil.ion.ucl.ac.uk/spm implemented in Matlab (Mathworks Inc. Sherbom, MA, USA.

http://www.fil.ion.ucl.ac.uk/spm


98

that share only the component of interest (i.e. activation common to two or more 

independent subtractions). Because it is the commonalities that are interesting, it does 

not matter how many cognitive components of no interest are included in the tasks. So 

long as the confounds (components of no interest) are different across cognitive tasks, 

the baseline tasks do not have to control for each and every confound.

In order for a conjunction analysis to be valid, the contrasts must be orthogonal 

in which case the probabilities associated with each contrast are independent. Therefore 

each of the tasks must have its own baseline condition.

Task pair 1 Task pair 2 Task pair 3

Activation Baseline Activation Baseline Activation Baseline

CCN l CCN 1

CCN 2 CCN 2

CCN l CCN l

CCN 2 CCN 2

CCN 1 CC N l

CCN 2 CCN 2

CCI CCN3 CCN3

CCI CCI

CCN4

Figure 3.2. A schematic of the principles of cognitive conjunction analysis CCN = 
cognitive component o f no interest; CCI = Cognitive component of interest

The conjunction analysis in SPM calculates a probability that relates to the co

occurrence of two or more effects in the same voxel. This probability decreases as the 

number of contrasts in the conjunction increases.

3.2Bi Minimum t-field theory

In SPM 99 (the most recent edition of this package), conjunction analysis is applied by 

using ‘minimum t field values’ ,̂ i.e. SPM calculates the probability that an activation is 

present in several contrasts using the contrast in which the t value is lowest. This
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technique requires the t-maps for each contrast to be independent (they approximate 

independence when the contrasts included are orthogonal (see Appendix I.ii) and there 

are many degrees of freedom).

3.2C Inclusive masking

Inclusive masking is another technique used in this thesis. It involves creating a ‘mask’ 

statistical parametric map for the effect of a condition (‘A’), in which a certain pattern 

of brain regions are activated. The mask can be applied to another SPM, for example 

the effect of condition B. Applying a mask of condition A to condition B specifies that 

only regions of the brain that reach the specified threshold in both conditions are 

included in the resulting SPM. This technique descriptive rather than inferential, it 

allows the user to filter out regions of the brain in which a negative difference between 

the condition of interest and the base-line gives rise to the significant effect, (a ‘de

activation’).

In summary, although subtraction is the main-stay of functional imaging designs, the 

assumption of pure insertion does not always hold. Subtraction in the context of 

factorial and conjunction analysis is a more powerful statistical tool, and enables results 

to be interpreted with less ambiguity. All experiments in this thesis conform to a 

factorial design and main effects and interactions are investigated. In this thesis a main 

effect is expressed as [A+B > C+D] (given that letters A, B, C, and D represent the 

conditions of a 2*2 factorial design); interactions are expressed as [(A-C) -  (D-B)]. 

Conjunction analyses and masking are also used throughout the thesis with the 

conjunction of two independent contrasts expressed as [A-C] + [C-D].

* This is an unpublished technique, see the discussion posted on the SPM help-line 
http//www.fil.ion.ucl.ac.uk/spm

http://www.fil.ion.ucl.ac.uk/spm
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3.3 Data Acquisition from PET

Each subject underwent 12 PET relative perfusion scans over a two-hour period. Scans 

were obtained using a SIEMENS/CPS EC AT EXACT HR+ (model 962) PET scanner 

(Siemens/CTI, Knoxville, TN. USA) with collimating septa retracted. Participants 

received an intravenous bolus of H2^^0 over twenty seconds, at a concentration of 55 

Mbq ml'^ and at a flow rate of 10 ml min'^ through a forearm cannula. Counts peaked 

30-40 seconds later (depending on the physiognomy of the subject) which triggered 

data collection. Data acquisition time lasted 90 seconds per scan, the interscan interval 

was 8 minutes. The integrated radioactivity counts accumulated over the 90 seconds 

were corrected for background noise and were used as an index of regional cerebral 

blood flow (rCBF). Images were then reconstructed in 3D by back projection (Hanning 

filter cut-off frequency 0.5Hz), giving a transaxial resolution of 8.5mm full width at 

half maximum. The reconstructed images contained 128x128 pixels each 2.05 mm^ in 

volume. Each subject also received a T1-weighted structural magnetic resonance (MR) 

image, obtained with a 2 Tesla Magnetom VISION scanner (Siemens, Erlangen, 

Germany). The purpose of this was (i) to screen subjects for brain abnormalities, and 

for coregistration with PET scans (see below).
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3.4 Data processing using SPM software

To transform the data gathered from the scanner into a format appropriate for statistical 

inference, it has to be standardised, and possible artefacts such as inter-scan head 

movement and anatomical variability have to be minimised. The procedures employed: 

realignment, coregistration of the PET and fMRI images, spatial normalisation and 

smoothing; are described by Friston et al. (1995a, 1995b).

3.4A Realignment

This step is designed to co-register a series of image volumes of the same brain to a 

single representative volume. The purpose of this is to correct for small subject 

movements in an image acquisition series which can cause confounding changes in 

signal intensity. The process involves estimating six parameters of an affine “rigid 

body” transformation that minimises the sum of the squared differences between each 

successive scan and the first scan.

3.4B Coregistration o f PET and fM RI images

The anatomical resolution of PET functional images is poor. Coregistration of the 

blurry functional image with a high resolution structural fMRI image enables the 

projection of the functional map onto a structural map of the brain so that it is possible 

to see where the activation lies in terms of gyri and sulci. The mean PET image created 

during realignment is used as a template and the structural image is moved into the 

same space. Both PET and structural fMRI scans are partitioned into grey matter, white 

matter, CSF, and scalp and the partitions are simultaneously registered (see Friston et 

al. 1995a).

3.4C Spatial normalisation

The purpose of this stage is to put all realigned image volumes in the same spatial co

ordinate system. This provides a way to compare data from similar locations in different
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brains. All images are co-registered to a standard template brain created by researchers 

at the Montreal Neurological Institute, which is a composite of 305 individual brains. 

The idea is to match each data volume to this template, so that specific anatomical 

structures will occupy approximately the same location in each subject and can 

therefore be compared across images. Spatial normalisation allows for inter-subject 

averaging and for one’s own results to be compared with the work of other investigators 

(see Friston et al. 1995a).

3.4D Gaussian smoothing

A Gaussian smoothing filter is applied to the data for several purposes: (i) to ensure that 

the data have the characteristics of a Random Gaussian Field in order to meet with the 

assumptions of Statistical Parametric Mapping (SPM); (ii) to correct for modest 

imprécisions in the spatial normalisation stage so that nearby voxels share more 

information; (iii) to project the data onto a spatial scale for which anatomical 

homologies between subjects are evident. The larger the smoothing kernel, the more 

approximate the anatomical localisation. The convention for PET is to smooth with a 

Gaussian kernel of 14 -16mm. In Experiment 5 (Chapter 6) a 12 mm kernel is used, as 

in this study the regions of interest were within millimetres of each other and more 

smoothing would make these activations more difficult to discriminate.
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3.5 Statistical modelling using SPM software

SPM modelling in its simplest form can be conceived as a series of paired t tests that 

compare the mean activation for a single voxel in condition A with its mean activation 

in condition B; the null hypothesis being that |1 a =  P b . These t tests are performed 

individually and simultaneously for each and every voxel^, and the resulting output is 

displayed in a statistical parametric map.

The idea of a statistical parametric map was first introduced by Friston et al. 

(1991). In such maps the value at each position or voxel is a statistic that expresses 

evidence against a null hypothesis of no experimentally induced activation at that voxel 

(i.e. is there an effect of interest after all other modelled effects have been taken into 

account?). Thus several different statistical maps can be generated from the same data 

set, depending on the number of experimental conditions and the experimental 

questions posed (i.e. the number of hypotheses about the behaviour of a voxel).

The relative contribution of each of the experimental factors (as a main effect 

and as an interaction) is estimated using the General Linear model and standard least 

squares procedures. For ease of handling the data and planned comparisons are 

modelled and arranged as a matrix in which the columns specify linear combinations of 

parameters or Linear contrasts. Linear contrasts are used as a general mechanism to 

express hypotheses about the experimental effects and T or F statistics are used to infer 

the magnitude of the effects (see Appendix I.II for further discussion of how Statistical 

Parametric Maps, the General Linear Model, matrices, and linear contrasts are used and 

Friston et al. 1995b).

 ̂A voxel is virtual unit o f brain tissue in which changes in signal corresponding to rCBF are observed. 
Voxels are localised in terms of x, y, and z coordinates that correspond either to the atlas of Talairach 
and Toumoux (1988) or to the Montreal Neurological Institute average brain template.
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3.6 Statistical inference in SPM

Inference can be approached from two perspectives the first uses an anatomically 

constrained hypothesis centred on regions of interest in which case the threshold for 

data interrogation is set at p<0.001, uncorrected for multiple comparisons. The second 

uses an anatomically unconstrained hypothesis (the null hypothesis being that there is 

no effect anywhere in the brain), in this case the convention is to set the threshold at 

p<0.05 corrected for the number of comparisons (Friston et al, 1997). How can so 

much data be corrected for multiple comparisons without losing sensitivity to true 

effects? The traditional approach is to use the Bonferroni technique which involves 

dividing the resultant p value by the number of observations made. However this 

technique assumes independence and as the effects in neighbouring voxels are 

correlated and non-independent, it is inappropriate to subject the data to a Bonferroni 

correction.

The application of Random Gaussian fields (developed by Friston et al. 1991; 

Worsley et al. 1992) provides a solution to this problem. It assumes that the residuals 

(i.e. noise/ error) approximates a lattice representation of a gaussian field, thus the null 

hypothesis would specify that there is no experimental effect because the data are 

randomly distributed within this field. The alternative hypothesis specifies that there is 

systematically distributed data. This technique transforms t-maps to Gaussianised t 

maps (t to Z probability function).

To discriminate real activations from noise they must exceed a certain pre

specified height and spatial extent threshold. The Euler characteristic allows a 

gaussianised map of peaks and troughs to be considered as connected components or 

holes -  it counts number of regions exceeding threshold. At high thresholds, 

suprathreshold clusters are considered to be independent, and thus a correction can be 

made in terms of the probability that a region of the number of observed voxels or the
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peak height observed eould have occurred by chance (Poline et al. 1997), see Figure 3.3 

below.

A B

'  r

Figure 3.3. The imaging data represented as an approximation o f a Gaussian random field. Axis Z = height 

(magnitude) o f  activation. Axes x and y = spatial extent (size o f  voxel cluster). In Figure B a height and 

spatial extent threshold has been applied, cutting off the tops o f largest activation peaks. In Figure C After 

threshold application, the field is viewed from above, an Euler characteristic is used to calculate the number 

o f connected regions versus holes. This estimation is used to calculate the level of correction applied.

3.7 Summary

This chapter has reviewed the technique of Positron Emission Tomography and the 

types o f experimental design best suited to functional neuroimaging. I have also 

summarised the main components of the SPM data analysis process and the most 

important underlying statistical principles.
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CHAPTER 4: THE NEURAL SUBSTRATES OF ACTION RETRIEVAL - AN 

EXAMINATION OF SEMANTIC AND VISUAL ROUTES TO ACTION.

4.0 Overview

This investigation examines whether semantic and visual routes for action retrieval can 

be neuroanatomically segregated. A total of twenty-six subjects were scanned in three 

PET experiments. In each experiment, subjects made action decisions to pictures of 

familiar objects or their names (written words). In Experiment 1, a subsidiary aim was 

to investigate whether the retrieval of actions can be neuroanatomically segregated from 

the retrieval of other semantic features, therefore a third task was included, requiring 

semantic retrieval of object size. As hypothesised, activation in the left posterior middle 

temporal cortex was specific to action retrieval. Experiment 2 compared systems for 

action retrieval when the availability of semantic knowledge was varied, thus a third 

stimulus type, novel objects, was included. Finally, in Experiment 3 the use of object 

affordances was encouraged by requiring subjects to perform explicit actions in 

response to stimuli, using a “manipulandum”. Based on neuropsychological findings, it 

was predicted that when action responses were made to pictures of familiar or novel 

objects, relative to words, there would be less activation in semantic brain regions but 

greater activation in visual, motor and perhaps parietal cortices. In general, more 

activation for action retrieval was elicited by (i) words than by pictures in areas 

associated with semantics; and (ii) novel objects than by words or familiar objects in 

areas associated with pre-semantic object processing. These results are discussed in the 

context of semantic and structural routes to action retrieval.
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4.1 Introduction

Neuropsychological studies suggest that there are separate cognitive and neural systems 

for retrieving the names or actions associated with objects. This inference is based on 

studies of patients with visual apraxia and optic aphasia, and the types of errors made 

by normal subjects.

4.1 A Visual apraxia

Patients with visual apraxia are impaired at using objects in a meaningful way when 

they are presented visually, but are able to describe the function of objects and indicate 

their use in nonverbal matching tasks (Pilgrim & Humphreys, 1991; Riddoch et al., 

1989; Pilgrim & Humphreys, 1991). They are also able to mime the appropriate action 

when provided with object names (Assal & Regli, 1980; DeRenzi et al., 1982; Pilgrim 

& Humphreys, 1991; Motomura & Yamadori, 1994; Riddoch et al., 1989, Rothi, Mack 

& Heilman et al., 1986). This pattern of performance suggests that the semantic system 

remains intact and that actions can be retrieved via semantic associations. The problems 

in accessing actions from visual input are therefore consistent with damage to a direct 

(non-semantic) route in which visual representations of objects are associated with 

actions. Damage to this route appears to block action retrieval operating within an 

apparently intact semantic route (see Yoon, Heinke & Humphreys, sub., for an explicit 

account of this).

4. IB Optic aphasia

A contrasting pattern of performance is found in patients with optic aphasia. 

These patients are able to use visually presented objects appropriately but can be 

impaired at accessing semantic information about objects. For example, when the 

patient reported by Riddoch and Humphreys (1987) was shown a knife and fork and
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asked to demonstrate their use, he was able to gesture with the left hand for a fork and 

with the right hand for a knife. However, he could not name the objects, or match which 

two of three objects (knife, fork, chisel) might be used together. This problem is not 

due to a general deficit in name retrieval, since optic aphasie patients can name to a 

definition. Rather, the problem appears to reflect poor visual access to semantic 

information for naming, while visual access to action remains relatively intact (see 

Hillis & Caramazza, 1995; Hodges et al., 1999; Riddoch & Humphreys, 1987; Sirigu et 

al., 1991).

The dissociation of deficits seen in optic aphasia and visual apraxia suggests that two 

different procedures can be used to access actions, a visual procedure and a semantic 

procedure. This is illustrated by the framework shown in Figure 4.1. The visual route 

to action involves links between visual analysis of the parts of objects (handles and 

spouts) and stereotyped actions (e.g. a handle being linked to grasping, pulling or 

lifting). Parts of an object therefore ‘afford’ actions without the need to retrieve the 

object’s identity (cf. Gibson,, 1979). Words have no such ‘affordances’ to cue an action. 

In order to retrieve an action associated with a word, access to the semantic 

representation of the whole object is required (route 2 in Figure 4.1). Thus, the model 

includes (i) pre-semantic structural processing of the parts of objects; (ii) semantic 

associations to whole objects; and (iii) action specific responses.

4.1C Errors made by normal subjects

This dual route account of action retrieval is also supported by the work of Rumiati and 

Humphreys (1998). They studied action errors made by normal subjects when 

responding to a deadline with either a gesture or a naming response to pictures of 

objects, or to their written names (words). They found that action errors tended to be 

visually related to pictures, and semantically related to words. An example of a visual 

error is when a hammering response is made to a picture of a razor (the long handle and
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head of the razor resemble that of a hammer). An example of a semantic error is when a 

shaving brush action is made to the word “razor” (shaving brush and razor being 

semantically related). Rumiati and Humphreys (1998) suggest that action errors to 

objects reflect partial activation of an action selection system based on a fast ‘direct 

route’ that circumvents semantics. The semantic errors made when gesturing to a word, 

or naming an object, reflect activation from a slower semantic route.

4. ID Neuro-anatomical models

On the basis of lesion studies, Liepmann (1920 in 1988) and later Geschwind (1965) 

(Figure 1.3A) hypothesised that actions and gestures are synthesised as a result of 

interactions between sensory and motor cortices that are relayed via the arcuate 

fasciculus. They proposed that modality specific apraxias may be caused by 

disconnection of modality specific regions from motor association and motor cortices, 

and furthermore, that the disconnection may result from damage to discrete fibre tracts 

within the arcuate fasciculus. Damage to the arcuate fasciculus often includes overlying 

parietal cortex, but neither Geschwind nor Liepman explicitly hypothesised a role for 

this region in mediating praxis. In contrast Heilman et al. (1982) (Figure 1.3B) regards 

the dominant anterior inferior parietal cortex (AIP), especially the supramarginal gyrus 

(BA 40), as a supramodal centre for gesture retrieval, containing “visuokineasthetic 

motor engrams”. In Heilman et al.’s model, modality specific apraxias result from 

disconnection of the dominant parietal cortex from visual and verbal regions (see 

below), and modality independent apraxia results from damage to the parietal cortex 

itself. Both models propose that verbal cues (e.g. the written name of an object) for 

action are processed in temporal cortex (“Wernicke’s area”) of the dominant 

hemisphere, and visuo-perceptual cues (pictures of objects) for action are processed in 

occipito-temporal “visual association cortex”.
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As discussed in Chapter 1, Liepmann (1920) classified apraxia into ideational 

(conceptual) and ideomotor (production) disorders. Following on from this, Roy and 

Square (1985) proposed that the production component involved “sensori-motor” 

knowledge while the conceptual component included three types of knowledge, (i) 

knowledge of the functions of tools and objects (ii) knowledge of actions independent 

of tools (iii) knowledge of the serial organisation of actions into sequences. Thus 

conceptual knowledge was conceived of both in terms of visual action images (cf. 

‘extra-kinetic engrams’ Liepmann 1920) and “linguistic referents” i.e. similar to the 

concept of stored functional semantic knowledge promoted by Warrington and Shallice 

(1984). Patients with ideational apraxia (damage to the conceptual action system) often 

have diffuse bilateral posterior cerebral damage (Rapcsak et al., 1993) but have also 

been reported with focal damage to the posterior left hemisphere, including the parietal 

areas (Liepmann, 1988 in 1920; DeRenzi et al., 1988). On the basis of autopsy findings, 

Liepmann localised the conceptual (ideational praxis) system to the level of the 

dominant occipito-parietal cortex, as did Morlaas (1928), and Hécaen (1971).

4. IE  Neuro-imaging

The contrast between action retrieval from objects and from words has not been studied 

in prior experiments using functional brain imaging. Some of the most relevant studies 

have examined how stored actions are retrieved in response to the written or auditory 

names of objects (Martin et al., 1995; Petersen et al., 1988; Warburton et al., 1996). 

Other studies have examined stored action retrieval (as spoken verb generation) to 

pictures of objects (Grabowski et al., 1998; Grafton et al., 1997; Martin et al., 1995). 

Grafton et al. (1997) and Grabowski et al. (1998) constrained their region of interest to 

the frontal cortex only, while Martin et al. (1995) investigated the whole brain. This 

latter study suggested that verb generation in response to words and objects engages
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similar brain regions, however, the two modalities were not contrasted in the same 

experiment.

Several neuroimaging studies have also investigated the observation of gestures 

(Bonda et al., 1996; Decety et al., 1994,1997; Grafton et al., 1996; Grezes et al., 1998,

1999). These experiments suggest a segregation of the neural correlates for the 

conceptual (ideational) and production (ideomotor) components of action. The left 

frontal and temporal regions appear to be involved in a conceptual action system since 

they are preferentially activated when the observed gestures have meaning as compared 

to no meaning (Decety et al., 1994,1997; Grezes et al. 1998). As to the role of the 

anterior inferior parietal region (BA 40; AIP) the evidence is divided. In Chapter 2, the 

intraparietal sulcus (between AIP and the superior parietal lobule) was found to be 

involved in associating a manual response with a visual symbol (see Table 1.3). For this 

reason I suggested that it could be involved in action planning/ideation. The 

surrounding AIP cortex has also been implicated in praxis tasks (Heilman et al. 1982; 

Haaland et al. 1999). Also in the primate, neurons in a homologous region have been 

found to respond both to the presentation of objects and during grasping movements 

directed toward these objects (Sakata 1995; Taira 1990). However the precise function 

of AIP in human praxis has not been clearly established. The neuroimaging literature, in 

contrast to the neuropsychological and primate literature, suggests that AIP may be 

involved in the production rather than the conceptualisation of manual actions. For 

example, functional neuroimaging experiments have shown it to be activated by:

(i) observing manual gestures relative to observing whole body gestures (Bonda et 

al., 1996).

(ii) observing manual gestures with intent to imitate or memorise for future 

recognition, (Decety et al., 1994,1997; Grezes et al., 1998).



112

(iii) reaching and grasping an object, relative to a non-prehensile manual gesture 

performed in response to the same object (Passingham et al., 1998).

However, no significant differences in AIP have been reported when 

observation of meaningful gestures is compared to observation of meaningless gestures 

(Decety et al., 1994,1997; Grezes et al., 1998). These neuro-imaging experiments 

suggest that AIP is involved in the preparation and execution of learned manual actions, 

and/or coordination of those actions in space (reaching and prehension), and may be 

less involved in discriminating between actions or discerning their meaning.

In the present study, PET was used to examine the neural substrates of the conceptual 

rather than production components of action retrieval from objects and words. Rather 

than using verb generation (cf. Martin et al., 1995), which is both unconstrained and 

verbally mediated, I asked subjects to perform an “action decision” task. More 

specifically, subjects had to indicate whether they would make a twisting or pouring 

action to a given stimulus. The overall aim was to assess whether different neural 

systems for action were activated when cued by visual structure (an object’s parts, 

handles and spouts) or cued by established semantic associations about the whole object 

(retrieved by words). There were three experiments, each of which manipulated task 

(action relative to perceptual decisions) and stimuli (pictures of objects or their written 

names). In Experiment 1, a third task was introduced (real life size decision) to 

disentangle action-specific areas from the more general semantic retrieval processes. In 

Experiment 2, a third stimulus type was introduced (pictures of novel, meaningless 

objects), to emphasise the non-semantic route to action retrieval. In Experiment 3, the 

response mode was changed - instead of pressing a key, twist and pour responses were 

executed manually using a manipulandum (see Methods) and colour photographs of 

objects were presented rather than line drawings to make the pictures more realistic.
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The manipulandum and addition of depth and texture cues in photographs were 

intended to strengthen non-semantic ‘affordances’ that cue actions.

The predictions were based on the cognitive model presented in Figure 4.1 and the 

results of previous imaging. The Rumiati and Humphreys model proposes that retrieval

Figure 4.1

SAUCEPAN

STRUCTURAL
ANALYSIS

ORTHOGRAPHY

lb

STORED

SEMANTICS

la

STORED ACTIONS

i
GENERATION OF ACTION

Figure 4.1. Suggested framework for learned actions to objects. Route “1” involves accessing stored 

knowledge about the structural properties o f visually presented objects, and then directly linking the 

structural features to actions (this is not mediated by semantics). This route can be subdivided according 

to whether learned actions are associated with whole objects (“la”) or object parts (“lb ”). Route “2” 

involves accessing stored actions via semantic knowledge from either visually presented objects or 

verbally presented objects (object names). Taken from Rumiati and Humphreys (1998).
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of the appropriate action to a word must first proceed through semantic associations to 

the word concept This process is likely to draw upon the neural systems previously 

described as active in semantic tasks: extra-sylvian temporal regions, posterior inferior 

parietal, and ventral inferior frontal cortices (see Mummery et a t, 1997; Vandenberghe 

et a t, 1996; for examples). In addition, Martin et a t (1995) have shown that retrieving 

action-words relative to colour-words enhances activations in a left posterior middle 

temporal area that is not necessarily activated in other semantic tasks. Additional 

activation of this region was expected during the action retrieval task relative to 

retrieving other forms of semantic knowledge (Experiment 1).

The model also proposes that objects can be recognised and acted upon via the 

semantic system. In addition their visual structures may provide cues for action (see 

Figure 4.1). A direct route between visual and motor processing (available for objects 

and nonobjects only) may enhance activation in visual and motor areas (including the 

anterior inferior parietal cortex) while reducing activation in the semantic system.
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4.2 Methods

4.2A Design

There were three experiments with three different groups of subjects. Each experiment 

had 6 conditions, four of which involved “action” and “screen size” judgements on 

either pictures of objects or their written names (2 task X 2 stimuli). The other two 

conditions varied across experiment. In Experiment 1, a third task was introduced with 

subjects making real-life size decisions on words and pictures (3 task X 2 stimuli, see 

Figure 4,2). In Experiment 2, a third stimulus was introduced with subjects performing 

action and screen size decisions on pictures of novel, meaningless objects as well as 

familiar objects and written words (2 task X 3 stimuli, see Figure 2). In Experiment 3, 

two additional baselines were included. The baseline stimuli for pictures were obtained 

by scrambling the spatial frequency components of each picture so that all object-like 

structure was removed while the baselines for words were consonant letter-strings. The 

baseline stimuli in Experiment 3 were included to (a) ensure that any effects of action 

were not specific to the contrast with screen size (which would imply a deactivation for 

screen size); and (b) look for common activations for action and screen size judgments.
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4.2B Tasks Experiment 1

In Experiment 1 (Figure 4.2), the action task involved deciding whether object usage 

would require a twisting motion and the real life size task required a decision on the 

relative size of the object (e.g. Is the object “longer than an eggcup?”). The screen size 

task involved deciding whether the picture or word presented was wider or narrower 

than the length of a horizontal line drawn beneath it. To control for visual input, the 

same reference line was present during all conditions, but subjects attended to it only 

during screen size judgements. Subjects were trained to make these judgements prior to 

scanning. Responses were indicated (“yes” or “no”) by pressing a key (e.g. right-hand 

index finger for “yes” and middle finger for “no” or vice versa, counterbalanced across 

subjects). In each task, there were four "yes" responses and eight "no" responses. 

Reaction times and accuracy were recorded in all conditions.

Figure 4.2

Action retrieval 
Could you twist this?

Size retrieval 
Longer than an eggcup?

Screen Size 
longer than line?

objects words

Screwdriver

Screwdriver

Screwdriver

Figure 4.2. Design for Experiment 1, a 2x3 factorial. 
Factor 1 is task (action retrieval, size retrieval and 
screen size), Factor 2 is modality: pictures o f objects 
or written names ( words).
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4.2C Tasks Experiment 2

In Experiment 2 (Figure 4.3), the action task also involved key press responses to 

indicate whether an object was twisted but this time rather than make a "yes" or "no" 

response, subjects made a "twist" or "pour" response (e.g. right-hand index finger for 

“twist” and middle finger for “pour” or vice versa). Half the stimuli cued “twist” 

responses and half cued “pour” responses. The screen size task involved deciding 

whether the picture or word presented was a large or small image/font (with right-hand 

index finger for “large” and middle finger for “small” or vice versa). Half the stimuli 

cued “small” responses and half cued “large” responses. Reaction times and accuracy of 

responses were recorded in all conditions.

Figure 4.3

Twist or Pour? T aree or Small?

CUP KEYword

objects

‘non
objects’

Figure 4.3: Experimental Design. The 2x3 
factorial design for Experiment 2 and examples 
of word, object, and nonobject stimuli used for 
action selection and size judgement tasks.
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4.2D Tasks Experiment 3

In Experiment 3 (Figure 4.4), the action task was the same as in Experiment 2 except 

that the twist or pour responses were gestured with the right hand using a 

manipulandum (see Figure 4.5). The manipulandum had the appearance o f a hammer- 

type structure, the top of which could either be bent down by a leftward wrist 

movement (akin to pouring a milk-bottle), or twisted by a right-turning wrist movement 

(akin to twisting the lid of a jar). It was also used to make responses in the screen size 

decisions. Subjects were either trained to make a twisting action to small stimuli and a 

pouring action to large stimuli or vice versa. Thus, motor movements were controlled 

over condition and the difference between action and screen size decision was limited 

to semantic retrieval of action.

Figure 4.4

objects

words

baseline

Twist or Pour? Large or Small?

CARAFE BUCKET

Is reference line 
Left or Right?

xxxx

Figure 4.4 Experimental design. The 2x2 factorial 
design with examples of the stimuli used in the 
action and size selection tasks and the
corresponding baseline conditions.
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For screen size Experiment 2, the size control task for familiar pictures was made easier 

by including a vertical reference line displayed adjacent to the stimuli. This allowed 

subjects to judge the height of the image (“large” or “small” relative to the reference 

line.). As in Experiment 1, visual input was controlled by presenting the same reference 

line next to each stimulus irrespective of condition. For the baseline task, subjects had 

to decide whether the line appeared on the left or the right of the scrambled words or 

consonants. Again, left and right responses were arbitarily linked to twisting and 

pouring movements on the manipulandum. In all conditions, half the responses 

involved twisting movements and half the responses involved pouring movements.

B

“Twist

Figure 4.5 Manipulandum used to respond to stimuli. . (A) The head o f the manipulandum is tipped to simulate 

pouring motion. (B) Head of manipulandum is rotated to simulate twisting motion.

4.2E Stimuli

In all experiments, the picture and word stimuli appeared on the screen in two sizes: 

the smaller pictures extended 2.9-8.6°, the larger pictures 17.1-22.6° (overall mean 

12.8°). The words were presented in Times New Roman, font size 25 or 35 extending a
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visual angle of 8.6° and 25.4° respectively (mean of 14.7°). The stimuli for all 

experiments are listed in Appendix II.

4.2Ei Stimuli Experiment 1

For Experiment 1, twenty four manipulable objects were selected from the Snodgrass 

and Vanderwart (1980) picture set and divided into two sets of twelve matched for 

frequency, word-length and number of syllables. Each set was presented to half the 

subjects as words and to the other half as line drawings. Therefore, the modality an 

object was presented in was controlled over subjects. Over the experiment, there were 

three replications of each stimulus, one for each task (action, real life size and screen 

size). This was to ensure that task differences were not due to stimulus confounds. Any 

effects of stimulus priming over task were reduced by (i) counter-balancing the order of 

replication across subjects and (ii) asking subjects to name the drawings and read the 

words of all stimuli immediately prior to scanning in order to saturate priming effects. 

There were a total of 6 conditions (each presenting 12 stimuli) and no replications.

4.2EU Stimuli Experiment 2

For Experiment 2, stimuli were chosen on the basis of a prior screening study in which 

40 participants (not involved in the PET experiments) were given a list of 100 object 

names and asked to decide whether they would make a twisting or a pouring action to 

the object. The same group of participants were also asked to make twist or pour 

decisions to line drawings of 60 non-objects. These were drawn (black on a white 

background) by an artist and not derived from any particular objects although they were 

structurally plausible and had approximately the same visual complexity as the objects.

The objects and non-objects selected for the experiment were those to which actions 

were agreed by 80% or more of the participants. Forty objects and twenty non-objects
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were selected, half were associated with twisting and half were associated with pouring. 

They were divided into 4 sets of objects and 2 sets of non-objects with 10 stimuli in 

each set, half associated with twisting and half with pouring. Subjects saw 2 sets of 

objects as pictures and the other 2 as words, counterbalanced across subjects. Thus, per 

subject there were 2 sets of pictures, 2 sets of words and 2 sets of non-objects with 

different stimuli presented in the word and picture conditions. Each set was presented 

twice (once for the action task and once for the size task) with the screen size of the 

stimuli (large or small) reversed on the second presentation. Thus, as in Experiment 1, 

the same stimuli were presented for each task but words and pictures were 

counterbalanced over subject.

4.2Eiii Stimuli Experiment 3

For Experiment 3, the stimuli were the same as in Experiment 2, except that pictures 

were photographs rather than line drawings and non-objects were replaced with 

scrambled photographs (control for pictures) and consonant letter strings (control for 

words).

4.2F Procedure

In all three experiments, stimuli were presented (on a Macintosh computer screen) for 

one second each starting ten seconds before data acquisition. There were 12 stimuli and 

a 4.5 second SOA (Stimulus Onset Asynchony) in Experiment 1 and 10 stimuli with a 6 

second SOA in Experiments 2 and 3. Presentation of stimuli with "Yes" and "No" or 

"Twist" and "Pour" responses were randomised within a set. Before each scan, subjects 

were told which kinds of stimuli would be presented and what kind of response to 

make. Condition order was counterbalanced within and between subjects.
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4.2 G Subjects

There were a total of twenty six subjects. Twelve (age range 21-45) in Experiment 1, 

eight (age range 21-57) in Experiment 2 and six (age range 20 -  65) in Experiment 3. 

Although there were more subjects in Experiment 1, it should be noted that in this 

experiment, there was only one scan for each of the six conditions, whereas in 

Experiments 2 and 3, there were 2 scans per condition. All subjects were right handed 

and native English speakers, healthy, on no medication and free from any history of 

neurological illness.

4.2H Linear Contrasts

1. The effect of action retrieval (AR) -  screen size (SS) was computed for words and 

pictures separately in each experiment (6 contrasts). Conjunction analyses were 

then used to identify effects that were common for all experiments as opposed to 

summed over experiment. Reported in Table 2a are results of conjunction analyses 

of:

(i) AR-SS for words and pictures (6 contrasts)

(ii) words only (3 contrasts)

(iii) pictures only (3 contrasts)

2. The interaction of task (AR-SS) and stimulus type (words </> pictures) was 

computed for each experiment. Conjunction analysis was then used to find the 

common interactions across experiments.

3. For Experiment 2 there were 2 additional contrasts investigating the effect of non

objects:

(i) AR -  SS for nonobjects only

(ii) The interaction of task (AR-SS) and stimulus (nonobjects >/< words/pictures.
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4. For Experiment 1 only, the effect of real life size retrieval (SR) was compared to:

(i) screen size ( SR -  SS)

(ii) action retrieval (AR-SR)

4.2Hi Post hoc contrasts

The effect of AR-SS for nonobjects (Experiment 2) revealed an area that has previously 

been associated with non-semantic structural object processing (Malach et al., 1995; 

Kanwisher et al., 1997). This effect could not be attributed to differences in perceptual 

input (the same in the AR and SS conditions). This result suggested that action 

decisions in response to nonobjects (in contrast to screen-size decisions on non-objects) 

increased the demands on pre-semantic structural processing. To confirm this 

hypothesis would require that this structural processing area corresponded to the area 

activated for pictures relative to words irrespective of condition and experiment (ie the 

conjunction of 6 contrasts comparing pictures to words for AR and SS in each of the 3 

experiments). To investigate this further the location of the object processing area 

(identified by pictures relative to words) was compared to the location of the non-object 

processing area (AR-SS for nonobjects only).
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4.3 Results

4.3A Behavioural data

The mean error rates and reaction times (RT) over all subjects, for each task 

(Experiment 1 and Experiment 2) are shown in Table 4.1.

Table 4.1 A. Experiment 1 Reaction Times

Condition

Words (action) 
Words (real life size) 
Words (screen size) 
Objects (action) 
Objects (real life size) 
Objects (screen size)

Mean RT
(milliseconds)
904
867
774
892
813
1024

Standard deviation

287
295
112
258
126
437

Accuracy (% correct)

88
94
98
90
94
87

Table 4.1 B. Experiment 2 Reaction Times

Condition Mean RT 
(milliseconds)

Standard error Accuracy (% correct)

Words (action) 1402 59.9 95
Words (screen size) 761 47.9 96
Objects (action) 1198 49.3 94
Objects (screen size) 1064 53.7 84
Nonobjects (action) 1158 42.3 92
Nonobjects (screen size) 876 33.9 91

Table 4.1. Mean reaction times (milliseconds), standard error and error rates (as a mean percentage) for 

Experiment s 1 (Table 3.1 A) and 2 (Table 3 .IB)

RTs were analysed with a within-subjects ANOVA to test for significant differences 

between the conditions. In Experiment 1, the only significant effect pertained to an 

interaction between task and modality (F2,20) = 4.3; p<0.0285 with RTs faster for the 

baseline task on words than pictures. Similarly, in Experiment 2, the baseline task was 

faster for words and nonobjects than for all other conditions. There were no significant 

differences between the action tasks (Scheffé test p<0.05) This is likely to be due to the 

small sample size of both participants and items here. Other studies have found a 

consistent advantage for action decisions to objects over those to words (Chainay & 

Humphreys, in press).
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In Experiment 1, accuracy for action was 90% for pictures and 88% for words; for real 

life size 94% on both pictures and words; and for screen size 87% on pictures and 98% 

on words.

In Experiment 2, accuracy on the action was 92% for pictures of novel objects, 94% for 

pictures of real objects, and 95% for words. Accuracy on the screen-size judgement task 

was 91% for pictures of novel objects, 84% for pictures of real objects and 96% for 

words. Apparently screen-size judgements were somewhat more difficult for pictures of 

real objects than for other stimuli.
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4.3B Imaging data

The results are focused on activations due to action tasks only, with the screen size task 

used to control for sensory and perceptual differences and for activations linked to 

motor response. The effects of action relative to screen size in all three experiments are 

summarised in Table 4.2 and illustrated in Figure 4.6.

Figure 4.6

A. Action System for Words and Pictures

Red = Exp 1,2,3: Words

Green = Exp 1,2,3: Pictures

Yellow = Overap of Red and Green

B. Action for Words > Pictures

Red = Exp 1,2,3: Words > Pictures 

Blue = Exp 2: Words > Nonobjects

Green = Exp 3: Words > Pictures

C. Action for Pictures > Words

Green = Exp 2: Nonobjects > Words

Red = Exp 1,2,3: Pictures > Words (all tasks)

Yellow = Overlap of red and green

Figure 4.6. PET activations for action relative to size decision for words and pictures at p<0.001 (Figure 

4.6A), for words more than pictures o f real objects, p<0.01 (Figure 4.6B) and for pictures more than 

words p<0.001 (Figure 4.6C). Activations are rendered onto MNI brain templates
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Regions Co-ordinates W & P W P W > P

1. L Inf. Frontal (BA 45) -48 18 16 6.3 7.1 3.7 3.5
-44 34 4 6.5 6.1 3.9 ns

2. L.Mid. Temporal (BA 21/37) -56 -62 -2 5.3 5.0 3.5 ns
-52 -38 -10 5.5 4.0 3.8 ns

3. L ant. Temporal (BA 38) -42 -8 -36 4.6 4.3 2.5 ns

4. L ant. Fusiform (BA 20) -46 -36 -22 ns 4.7 ns 3.9

Table 4.2B Results Experiment 3: Action minus Size, Words > Pictures

Regions Co-ordinates Words W > P

L ant. Temporal (BA 38) -62, -2 —26 3.4 3.2
L. ant. Fusiform (BA20) -64, -36,-16 3.7 3.7

Table 4.2C Results Experiment 2: Action minus Size, Words > Nonobjects

Regions Co-ordinates Words W > N

L ant. Temporal (BA 38) -32,2 -36 4.2 3.3

Table 4.2D Results Experiment 2: Action minus Size, Nonobjects > Words

Regions Co-ordinates Non-obiects N > W P N > W N > P

L Middle Occiptial BA 19 -46 -74 -4 4.0 3.2 3.1 2.8
L Anterior Medial Fusiform -18-56 -16 4.1 3.4 3.7 2.2

Table 4.2. Location and co-ordinates of activation for Action relative to screen size

(a) for Experiments 1-3. Z scores are given for the conjunction of words and pictures of real objects (W&P); words 
(W) and pictures (P) separately; and words more than pictures (W>P). Those in BOLD were corrected for multiple 
conparisons; (b) The areas more active for words than pictures for Experiment 3 only, (c) The areas more active for 
words than novel objects (N) for Experiment 2 only, (d) The areas more active for novel objects than words for 
Experiment 2 only. lJ= Left, Inf = Inferior, Ant. = anterior. Mid = Middle, BA = Brodmann's area.
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4.3Bi Common action system for Words and Pictures

The conjunction of action decision (AR) -  screen size decision (SS) for words and 

pictures in each experiment (6 contrasts) revealed significant activation in the left 

inferior frontal (BA45), left posterior middle temporal (BA21/37) and left anterior 

temporal (BA38) cortices, see Table 4.2a and Figure 4.6.

The left inferior frontal and left anterior temporal areas appear to be part of the 

generalised semantic system. These areas were also activated by the size retrieval task 

(SR-SS) in Experiment 1 (for words and pictures combined: Z -  3.6 at -42, +10, 12 and 

Z= 3.5 at x=-36, 2, -42; p<0.001) . Likewise these areas were activated for associative 

and real life size relative to screen size decisions in the study by Vandenberghe et al. 

(1996: peak co-ordinates -42, +22, +20 and -44, -10, -28). In contrast, the left posterior 

middle temporal cortex (BA21/37) appears to be specific to action. It was not activated 

for the real life size retrieval in Experiment 1 of this study (p>0.05) nor in the study by 

Vandenberghe et al. (1996) (also see Tables 2.5 and 2.6). However there was 

significantly more activation for action than size decision (Z=3.8; p<0.001) in 

Experiment 1 of this study and for generation of action relative to colour words, in the 

study by Martin et al., (1995).

4.3BH Word specific action responses

Within the common action retrieval system activated by words and pictures, the left 

inferior frontal area was more activated for words than for pictures. Words, but not 

pictures, also activated a left anterior fusiform area and the task (AR-SS) by stimulus 

(words- pictures) interaction here reached significance (see Table 4.2a). This left 

anterior fusiform area has also been associated with a generalised semantic system by 

Vandenberghe et al. (1996; peak co-ordinates: -46, -46, -20) and was more active for the 

real life size than screen size task (SR-SS) in Experiment 1 of this study with small
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effects for words and pictures ( Z= 2.4 for words and Z=2.5 for pictures). Nevertheless, 

activation was enhanced further by action decisions on words (Z =3.2, p<0.001 for AR- 

SR) and this effect was not seen for pictures (P>0.05). The difference between words 

and pictures is unlikely to relate to task difficulty because there were no significant 

differences in the RTs or accuracy to action and size retrieval tasks for either words or 

pictures (see Table 4.1). It is concluded that semantic processing is increased for action 

decision on words more than pictures. This led to increased activation for parts of a 

common system and recruitment of additional parts of the semantic system for words.

In Experiment 3, it was predicted that action decisions to pictures would reduce 

semantic activation further because visuo-motor affordances were enhanced (coloured 

photographs of objects and explicit twist and pour responses with the manipulandum). 

Indeed, the difference between action decision to words and pictures in Experiment 3 

included the left anterior temporal lobe as well as the left anterior fusiform, (see Table 

4.2b, Figure 4.6). It was also expected that actions to novel objects would place least 

demands on the semantic system (Experiment 2). This was again confirmed with 

interactions showing greater action related activation for words than novel objects in left 

anterior temporal cortex (Table 4.2c, Figure 4.6) with a trend for words relative to 

pictures of real objects (Z=2.7). There was no significant difference in this area between 

real and novel objects. In summary, there was more activation for words than pictures in 

the left anterior fusiform (all three experiments) and in the left anterior temporal cortex 

(i) in Experiment 3 when visuo-motor affordances were enhanced and (ii) in Experiment 

2 when the pictures were of novel objects (Figure 4.6).

4.3Biii Picture specific activation

The Row A of Figure 4.6 illustrates the areas activated for AR - SS when words and 

pictures were stimuli. Although activation was more extensive for words than pictures.



130

there were no areas that were more active for action decisions on pictures than words 

even in Experiment 3 when visuo-motor affordances offered by the picture stimuli were 

maximised. However, in Experiment 2, it was found that action decisions on pictures of 

nonobjects, relative to objects or words, increased activation in the left occipital 

temporal cortex and left anterior medial fusiform. Activation in the left occipito

temporal cortex (-46 -74 -4) is close to both area V5 (the visual motion region, average 

coordinates: x = -41 ± 5.6 mm, y = -70 ± 6.0 mm, z = +2 ± 5.3; Watson et al. 1993) and 

the lateral occipital object region (LO), which responds to object-like structures (Malach 

et al. 1995); average coordinates at x = -42.8 ± 2.7 mm y = -72.7 ±8 mm z = -18.2 ± 

9.8 mm). Indeed, in this study, the same left occipito-temporal region was more active 

for pictures than words irrespective of task (Z= 6.3 at -44, -74, -4; and Z= 8.8 at -42, - 

82, 4 and +44, -84, -4), see post hoc analysis in Methods section. Since the visual input 

was the same for action and screen size judgements, these results suggest that top down 

modulation of perceptual processing was required for action decision on nonobjects (see 

Figure 4.6).
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4.4 Discussion

In these experiments, the differences in retrieving actions to objects and their names 

were investigated. More specifically, these experiments tested the prediction, from 

neuropsychological data, that semantic processing is necessary for action retrieval from 

verbal cues, but not from objects or pictures of objects. All effects of action were 

observed in the left hemisphere. This is noteworthy because neuropsychological 

research suggests that lesions commonly responsible for apraxia in right handed 

individuals, are typically localised to the left hemisphere. Right hemisphere lesions are 

rarely known to induce apraxia in right handed patients (Geschwind, 1965; Hécaen et 

al., 1971).

4.4A A semantic action route

In all experiments, activations common to retrieving actions from words and pictures 

were identified in the left inferior frontal, left posterior middle temporal and left anterior 

temporal cortices. For words, action decision also engaged the left anterior fusiform 

relative to screen size and real life size tasks. With the exception of the left posterior 

middle temporal cortex, these regions are components of a general semantic system 

(Vandenberghe et al., 1996 and see Table 2.5 and 2.6 in Chapter 2). These results are 

therefore consistent with common semantic procedures mediating the retrieval of 

different types of stored knowledge about objects, including action knowledge. The 

only action specific area (relative to real life size decisions in Experiment 1) was the left 

posterior middle temporal cortex (LPMT). This area was also reported to be more active 

for action than colour ( Martin et al., 1995), when human actions are observed (Decety et 

al., 1994; 1997; Grezes et al., 1998; Grezes et al., 1999) or implied (David et al., 2000; 

Kourtzi & Kanwisher, 2000) and for tools more than fruits (Cappa et al., 1998; Chao et 

al., 1999; Damasio et al., 1996; Martin et al., 1996; Moore & Price, 1999; Mummery et
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al, 1996; 1998; Perani, et al., 1999). Critically this area was involved in action 

decisions on words, pictures of real objects and pictures of nonobjects. Therefore, it 

appears to be involved in all routes to action. This area may correpond to the conceptual 

or ideational region hypothesised to be located in the parieto-temporo-occipital cortex 

(Liepmann, 1920; Morlaas, 1928; Hécaen, 1971).

In addition these results indicate that semantic processing for action is modulated by 

stimulus demands. This is illustrated by decreased activation in the left anterior fusiform 

area (a semantic retrieval region) for pictures of real objects (all experiments) and in the 

left anterior temporal cortex for pictures of nonobjects (Experiment 2) and pictures of 

real objects when visuo-motor affordances were enhanced (Experiment 3).These results 

indicate that action retrieval from object-like stimuli places less demands on semantic 

processing and they confirm the prediction that differences would be greater when 

visuo-motor affordances for pictures were enhanced.

4AB A direct vision-action route

Riddoch et al. (1989) and Rumiati and Humphreys (1998) suggest that, for objects but 

not for words, there is a ‘direct route’ to action selection that relies on access to 

structural descriptions of objects, reducing the need for access to semantic descriptions 

for action retrieval. There were no areas that were more active for pictures of real 

objects than words. However, actions to novel objects activated an occipital-temporal 

region (BA 19) that was not observed for action decisions on words or pictures of real 

objects. Peak activation was not only close to previous studies of pre-semantic object 

processing (as defined by Malach et al., 1995; see also Bly & Kosslyn 1997; Kanwisher 

et a l, 1997; Moore & Price 1999), it also overlapped with activation in this study for 

pictures relative to words irrespective of task (see row C Figure 4.6). Since visual input
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was the same for action and size decisions on nonobjects, these results suggest that 

performing actions to nonobjects enhances the demand for structural processing.

These results are consistent with actions to non-objects requiring more structural 

processing than words when an action decision rather than a size decision must be 

made. Enhanced structural processing of objects may enable them to be associated 

directly with actions, thereby lessening the need for semantically based retrieval 

processes (see above).

4.4C A parietal route to action

It was also predicted that there might be enhanced activation of the dominant parietal 

cortex (e.g. the anterior inferior parietal cortex; AIP;BA 39/40), when object-action 

associations were made. This area is thought to ‘store’ ‘visuo-kinesthetic motor 

engrams’ (Heilman et al., 1982). However, there was no evidence to indicate that the 

dominant parietal cortex is involved in retrieving conceptual object-action associations 

when motor production was controlled. The lack of significant activation in AIP in the 

current experiments, and the reported behaviour of this region in neuroimaging 

experiments, suggests that AIP is not specialised to express the conceptual, (non

executed) relationship between an object and a manual action, but instead may store 

“motor engrams” that are not context specific. That is to say, AIP may be part of the 

“production system” specified in Roy and Square’s model (1985), whilst the paradigm 

for this study, selected brain systems involved in the “conceptual” praxis system. As the 

results of Passingham (1998) suggest, AIP may be more concerned with negotiating an 

action response in three-dimensional space. The absence of significant parietal 

activation in this study does not permit comment on the proposed role played by the 

dominant parietal cortex in the models of Geschwind and Heilman. However, Heilman 

et al. have later refined this theory (Clark et al., 1994; Poizner et al., 1990, 1995),
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reporting that apraxic patients with dominant parietal lesions commit largely spatial and 

temporal errors when pantomiming actions. Indeed, the parietal patient reported by 

Hodges et al., (1999) was impaired when performing spatial transformation tasks with 

nonobjects. This suggests that the role of the anterior parietal cortex is in contributing to 

the spatial and temporal information needed to execute learned actions. These aspects of 

movement production were controlled in the tasks used in these experiments.

4.4D Consistency with previous studies o f  action retrieval

Most previous studies of action retrieval have focussed on verb generation (see 

Introduction) and usually report activation in the left posterior temporal lobe (e.g. Fiez 

et al., Martin et al., 1995; Warburton et al., 1996) However, they do not typically report 

left anterior temporal activation. There are three reasons why left anterior temporal 

activation might previously have been missed: (a) many of the PET and fMRI studies 

excluded the anterior temporal cortex because the field of view was less than brain size; 

(b) fMRI signals in this area are weak due to susceptability artifacts (see Devlin et al.,

2000); and (c) when rest is used as the baseline, activation in semantic areas is reduced 

because semantic processing can occur implicitly during rest (see Binder et al., 1999).

Finally, the absence of action specific ventral and dorsal premotor activation 

may be surprising given that these areas are sometimes more active for observing tools 

(Chao & Martin, 2000; Grafton et al., 1997; Grabowski et al., 1999; Grafton et al., 

1997) The lack of any premotor activation in all three of the current experiments 

suggests that, like the anterior parietal cortex, the left premotor cortex is concerned with 

movement production which was fully controlled in all the experimental conditions and 

not a variable of interest.
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4.4E Conclusions

In conclusion, these experiments indicate that action retrieval in response to object 

names (words) activates a set of regions that are known to contribute to other semantic 

functions. However, action retrieval from object-like stimuli results in less activation in 

the semantic regions than words, possibly because the parts of objects can afford motor 

associations more directly. Indeed, actions to nonobjects enhanced processing in brain 

regions associated with processing the structural properties of objects, suggesting that 

actions can be made directly from object structure. Further experiments are required to 

investigate under which circumstances action responses to real objects engage the 

structural processing route. Nevertheless, the neural dissociation reported for action 

retrieval in response to objects and their names is consistent with the cognitive model 

developed by Riddoch et al. (1989) and Rumiati and Humphreys (1998) which suggests 

a separation between semantic and non-semantic routes to action.
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CHAPTER 5: ARE TOOLS REPRESENTED WITHIN A SYSTEM FOR 

PRAXIS? INVESTIGATING THE NEURAL SUBSTRATES OF CATEGORY

SPECIFIC PROCESSES.

5.0 Overview

This Chapter investigates whether object identification deficits which differentially 

affect certain object categories can be explained by differences in demands placed on 

neural systems specific to particular types of knowledge. The experimental factors were 

object category (tools and fruits), and knowledge type (action or perceptual). Twelve 

healthy subjects were scanned with PET. The identification of tools relative to fruit 

increased activation in a left posterior middle temporal area that was also linked to the 

retrieval of action knowledge. No neural regions were specifically associated with the 

retrieval of perceptual knowledge suggesting that either there is no focal correlate for 

perceptual knowledge or that perceptual features are less crucial than other semantic 

features for discriminating between living and non-living entities. However, activation 

associated with viewing fruit stimuli was observed in the left anterior temporal cortex, a 

polymodal region that may be involved with recognition of objects through the 

integration of several semantic features. These findings bear on the debate about 

whether an action semantic system exists and how semantic memory is organised 

generally.
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5.1 Introduction

5. lA The living non-living dichotomy

The observation that patients with focal brain damage can differ in their ability to 

identify living and non-living entities was suggested but not quantified by several early 

investigators (Nielsen, 1946; Hécaen and Ajuriaguerra, 1956; Yamadori and Albert, 

1973). After more comprehensive study of this phenomenon, Warrington and Shallice 

(1984) developed a theoretical framework that accounted for deficits with living things 

(e.g. animals and fruits) in terms of impaired perceptual knowledge whereas deficits 

with non-living things (e.g. tools and vehicles) were explained in terms of impaired 

functional knowledge. This perceptual-functional theory was based on observations that 

the patients who exhibited deficits with living entities were able to identify body-parts 

which are functional components of living things but were unable to identify different 

fabrics and gem stones, non-living items which are discriminated on the basis of 

perceptual knowledge. In 1987, Warrington and McCarthy extended the theory to 

account for the behaviour of another patient (YOT) who had a generalised deficit for 

non-living over living items, but was more impaired at identifying smaller 

‘manipulable’ items such as office tools and kitchen utensils than larger non-living 

objects such as vehicles. In light of these findings, Warrington and McCarthy (1987) 

proposed a revised model, suggesting that object-specific knowledge is acquired 

according to the relative salience of its sensory-motor features and is thus weighted 

toward the dominant ‘channel’ of experience; sensory, motor or functional-associative. 

In the case of tools, and body-parts, the dominant channel of experience is motor- 

functional i.e. action and manipulation. A plausible biological embodiment of this 

model can be envisioned in terms of the different ‘channels’ manifested in the human 

brain as regions of cortex specialised to receive different modalities of sensory input, or 

initiate motor output from different effectors.
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5. IB Are tools represented in the praxis system?

In support of the Warrington and McCarthy’s theory, there is mounting evidence that 

motor and functional knowledge can be doubly dissociated. For instance, Buxbaum et 

al. (2000) report two apraxic patients who could match items on the basis of their 

function (a piano and a record player), but not on the basis of how they are manipulated 

(a piano and a typewriter). In contrast, Sirigu et al. (1991), report a patient, F.B., with 

associative agnosia, who could retrieve object specific actions but not function 

knowledge. If action knowledge is crucial to the categorisation and identification of 

tools one would expect that patients like F.B. (with preserved motor knowledge) would 

still be able to identify and name tools. Indeed, Sirigu et al. (1991) noticed that when 

F.B. gestured the use of an object, he was much more successful at naming it and this 

observation has been corroborated by descriptions of naming behaviour in disorders 

such as optic aphasie (Magnié et al. 1999; Riddoch and Humphreys 1987). Conversely 

one would expect that impaired motor knowledge (e.g. in patients with apraxia) should 

be associated with difficulties identifying tools. Some suggestive evidence is provided 

by Buxbaum and Saffran (1998), who found that a group of patients with moderate 

apraxia also had difficulty recognising depicted tools, but no difficulties recognising 

pictures of animals. Further investigations are required to confirm these findings.

5.1C Are living things represented in terms o f perceptual features?

Although there is considerable evidence to support the association between tool 

processing and manipulative knowledge, the evidence supporting the link between 

perceptual knowledge and the category of natural kinds is rather less convincing. The 

primary problem with this position is that not all patients with deficits identifying 

natural items have a corresponding loss of sensory or perceptual knowledge.
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(Caramazza & Shelton, 1998; Forde, Francis, Riddoch, Rumiati, & Humphreys, 1997; 

Lambon Ralph, Howard, Nightingale, & Ellis, 1998; Moss, Tyler, Durrant-Peatfield, & 

Bunn, 1998). Indeed, category specific impairments for living things could potentially 

arise at multiple levels of processing, for instance, due to different demands on pre- 

semantic perceptual processing (see Humphreys and Forde, in press). In this 

Experiment, I test whether the perceptual/functional and sensory/motor theories might 

still be a plausible biological account of some category specific effects.

5. ID Neuro imaging evidence

Early neuroimaging experiments investigating the effects of object category offered 

some support for the sensory-functional/motor theory proposed by Warrington and 

Shallice (1984) and Warrington and McCarthy (1987). Activation for animals relative to 

tools was greater in visual association areas (Martin et al., 1996; Perani et al., 1995) and 

activation for tools relative to animals was greater in a left posterior middle temporal 

(LPMT) region (Martin et al., 1996; Mummery et al., 1996) which has also been 

associated with retrieving action relative to colour words (Martin et al., 1995). Taken 

together, the studies by Martin et al., (1995; 1996) suggested that tools increase the 

demands on an area associated with action knowledge. Several subsequent studies have 

replicated the association of LPMT with tools (Damasio et al. 1996; Mummery et al 

1996, 1998; Cappa et al. 1998; Perani et al 1999; Moore and Price 1999). However, 

other effects of category and type of semantic knowledge have been inconsistent 

(Vandenberghe et al., 1996; Cappa et al., 1998; Mummery et al., 1998; see Moore and 

Price, 1999). For instance, the visual association areas, linked to the category of 

animals, are not seen when the complexity of visual input is controlled (Moore and 

Price, 1999) or the stimuli are written words (Mummery et al., 1998; Cappa et al., 1998)
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suggesting that these regions are concerned with early visual processing of pictures 

rather than amodal semantic processing.

Ideally, in order to establish that category effects emerge from the differential demands 

placed on different channels of semantic knowledge, a factorial design is required that 

crosses category with type of knowledge. It can then be established whether anatomical 

segregation for different categories corresponds to the anatomical segregation for types 

of knowledge. Three previous studies have already taken this approach (Mummery et 

al., 1998; Cappa et al., 1998; Thompson Schill et al., 1999). Tasks probing perceptual 

knowledge prompted the retrieval of object colour (Mummery et al., 1999); or object 

form (Thompson Schill et al., 1999; Cappa et al., 1998) but only the Thompson Schill et 

al. (1999) study reported an association between the perceptual task and category. They 

found that their region of interest (the left anterior fusiform - previously linked to visual 

knowledge by D’Esposito et al., (1997), was activated by living and nonliving items 

when the questions were visual-perceptual but only by living items when the questions 

were not perceptual. They interpreted this finding as evidence that the semantic 

representation of living items is biased toward visual-perceptual knowledge irrespective 

of the task requirements. However, due to design constraints, the critical difference 

between living and nonliving items in the functional-associative condition could not be 

reported; and the category by task interaction was exceedingly small.

The factorially designed experiments conducted by Cappa et al. (1998), Mummery et 

al., (1998) and Thompson Schill et al., (1999) also failed to find any association 

between nonliving items and functional/associative knowledge. Mummery et al., (1998) 

used associations based on typical location (Is PAPER found in the same place as a 

RULER or a RAKE?); Cappa et al. (1998) used functional questions for tools ("Is it
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used for food preparation?”) and location questions for animals ("Is it from Italy?"); and 

Thompson Schill et al., (1999) used more specific questions such as “Can headphones 

play stereo music?”. These consistent null findings do not favour an equivalence 

between non-living effects and the demands on functional-associative knowledge, and 

the possible correspondence between the neural correlates of tool identification and 

action/motor knowledge was not investigated.

5. IE  Rationale for study design

In contrast to the previous neuroimaging studies that focused on functional/associative 

knowledge. The design of this study aimed to identify the cortical regions that mediate 

action retrieval. LPMT cortex is one area that has been identified in action-word 

generation (Martin et al., 1995), action recognition and action observation tasks (see 

Grézes and Decety 2001) suggesting that it plays a role in praxis and action planning. 

The Martin et al. studies (1995;1996) indicated that similar posterior temporal regions 

are involved in action and tool identification (see above), but further validation is 

required, as the location of the area associated with action retrieval in Martin et al's 

(1995) study [Talaraich co-ordinates x= -50, y=-50, z=+4] was 14mm more lateral than 

the area Martin et al., (1996) associated with tools (Talaraich co-ordinates x= -36, y=- 

50, z=+4); and a within study statistical validation has never been reported.

This experiment was designed to explore the extent to which the neural 

substrates for action/motor knowledge and tool processing are equivalent. Retrieval of 

action knowledge was compared with retrieval of perceptual (size) knowledge and the 

stimuli were pictures and written words depicting either tools or fruit. Constrained 

decision tasks were used (e.g. "Do you use a twisting motion to manipulate this tool?"; 

"Can you peel this fruit by hand ?"; "Is this tool longer than a paintbrush?" and "Is this 

fruit larger than a kiwi?") rather than word generation tasks (Martin et al., 1995) that 

may be confounded with strategic, phonological and articulation differences. For
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example, the action and colour generation tasks used by Martin et al., (1995) were not 

matched for availability of response, as most nonliving stimuli (e.g. pencils) can appear 

in many different colours but only have one stereotypical action. Finally, by presenting 

stimuli as both pictures and words, effects of stimuli or task that were independent of 

presentation modality or specific to words or pictures could be investigated.

5. IF  Predictions

On the basis of the studies by Martin et al., (1995; 1996), it was predicted that tools 

(relative to fruit) and retrieval of action (relative to perceptual) knowledge would 

independently enhance activation in the left posterior middle temporal cortex. Although 

other investigators have proposed that the left premotor cortex is involved in retrieving 

action knowledge (Martin et al. 1995; Grafton et al., 1997) and in tool processing 

(Martin et al., 1996; Grabowski et al., 1998; Chao and Martin, 2000), differences 

between tools and animals were exceedingly small (Devlin et al., submitted). 

Furthermore, a recent meta-analysis of action-related activation in PET experiments 

(Grézes and Decety 2001) has verified that only the activation reported by Grafton et al. 

(1997) can be allocated to the dorsal precentral gyrus (the hand area, Fink et al., 1997). 

Other reported activations (Martin et al. 1995; Grabowski et al. 1998) verge on the 

ventral precentral mouth area, and may be due to silent verbalisation. Thus, it is not 

clear whether the premotor area will be differentially activated by action relative to 

perceptual tasks or tools relative to fruit.

In addition, it was anticipated that fruit (relative to tools) might enhance 

activation in the anterior temporal lobes. Damage to these has been associated with 

category specific deficits for living things (see Gainotti et al., 2000). Also in functional 

neuroimaging experiments, these regions are found to be more active for living than 

nonliving things (Mummery et al. 1996; Moore and Price 1999; Devlin et al., 

submitted).
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5.2 Methods

5.2A Subjects

Twelve male subjects (age range 21-45) took part in this experiment, they were all right 

handed native English speakers, who were healthy, on no medication and free from any 

history of neurological illness.

5.2B Conditions and Tasks

There were twelve conditions in a 2x2x3 factorial design. The first factor was Stimulus 

Type: pictures, or written object names. The second factor was Stimulus Category: 

natural (fruits or vegetables), or man-made (tools). The third factor was Task, which 

required subjects to make decisions on (i) retrieved action (ii) retrieved size or (iii) the 

screen-size of the stimulus. In the action retrieval task, subjects were asked if they might 

use a twisting motion when manipulating the presented tools, or if the fruits and

Fruit Tools

Action retrieval 
Could you peel this?

Size retrieval 
Larger than a kiwi?

Screen Size 
longer than line?

objects objects wordswords

nailcherry

nail
cherry

nailcherry

Action retrieval 
Could you twist this?

Size retrieval 
Longer than an egg cup?

Screen Size 
longer than line?

Figure 5.1. Design Experiment 4. Factor 1 is task, action, real- 

size and screen-size. Factor 2 is category, fruit (living) or tools 

(nonliving). Factor 3 is modality, objects or words.

vegetables could be peeled by hand (e.g. remove the skin of a banana). They indicated 

their choice ("yes" or "no") by pressing a key with index or middle fingers of the right 

hand (e.g. left key for yes and right for no). The size retrieval task required imagination
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of the dimensions of the object in the real world. For example, “larger than a kiwi?” was 

one of the questions applied to a set of fruit stimuli, “longer than a paintbrush?” was one 

of the questions applied to tools. A full list of questions and the sets of objects to which 

they were applied is provided in Appendix III. The screen-size decision task was used 

as a baseline for the semantic retrieval tasks. Subjects decided whether the picture or 

word presented was wider or narrower than the length of a horizontal line drawn 

beneath it (the line was present during all conditions, but subjects attended to it only 

during screen size judgements). Subjects were trained to make these judgements prior to 

scanning. Reaction times and accuracy of performance were recorded.

5.2C Stimuli

The stimuli were selected from a set of forty eight line-drawings of objects from the 

Snodgrass and Vanderwart (1980) picture set. Half of the drawings depicted tools, and 

the other half, fruit and vegetables. Each object was presented to one group of six 

subjects as a word, and to the other group of six subjects as a line drawing. The stimuli 

were matched for frequency, word-length and number of syllables. The stimuli are listed 

in Appendix III.

5.2D Procedure

There were a total of twelve conditions and twelve scans per subject (i.e. a new 

condition for each scan). Each of the four stimulus sets (names of fruit/vegetables, 

names of tools, pictures of fruit/vegetables, and pictures of tools) was presented three 

times during the experiment, once for each task. This was to ensure that between task 

differences were not due to differences between stimuli. Order of replication was 

counter-balanced between subjects. Within subject, the effects of priming between 

conditions were reduced by requiring subjects to name or read the names of all forty 

eight stimuli immediately prior to scanning. Each trial was one second in duration.
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followed by a 3.5 seconds inter-stimulus interval. The total stimulus presentation period 

was one minute, starting ten seconds before data acquisition and twelve stimuli were 

shown per condition (4 cued a “yes” response and 8 cued a “no” response). Before each 

scan, subjects were presented with written instructions which detailed the category 

(tools or fruit) and modality (words or pictures) of stimuli to be presented and the task 

to be performed. The latter presented as a question (see the Appendix for examples). 

'Tes" and "no" responses were randomised within scans and the modality and category 

of the stimuli (as a word or object, living or nonliving entity) were fiilly 

counterbalanced across subjects. The order of conditions was also balanced over 

subjects. Stimulus presentation was via a Macintosh computer screen at the distance of 

40 cm from the subject. The stimuli subtended a visual angle of 6.1 degrees for words 

and 8.4 degrees for pictures.

5.2E The Linear Contrasts 

5.2EÎ Task effects

/. Common effects o f semantic retrieval

(a) Main effects: Regional activations common to both action retrieval and size 

retrieval, were identified by comparing the sum of the semantic retrieval conditions 

(action and size) to the screen size control condition. To ensure that both action and 

size retrieval decisions were contributing to the effect, inclusive masking (SPM 99) 

was applied to the resulting statistical map. The masks specified were (i) action 

retrieval minus control and (ii) size retrieval minus control. Inclusive masking 

includes only those voxels that are activated in all the contrasts specified.

(b) Interactions: Common effects of semantic task that were specific to words or 

pictures were identified with the interaction of task (semantic>control) and stimulus 

type (words Vs pictures).
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IL Effects specific to Action or Size retrieval

(a) Main effects: regional activations specific to action retrieval were identified by 

comparing this to size retrieval. To ensure that regions of activation revealed in this 

contrast were also significantly greater than in the control action minus size retrieval 

was inclusively masked with action minus the screen size control. Likewise, areas 

specific to size retrieval were identified by masking size retrieval minus action 

retrieval with size retrieval minus the screen size control.

(b) Interactions: identified differential effects of semantic task that were specific to 

stimulus type (words or pictures) and stimulus category (tools or fruit).

5.2Eii. Category effects

(a) Main effects: The effect of tools relative to fruit (and vice versa) were computed for 

each task separately. This allowed us to look for task-specific effects. Conjunction 

analyses (see Price and Friston, 1997) were then used to test for common effects (i) 

over all tasks; (ii) semantic tasks only.

(b) Interactions identified differential effects of category that were specific to stimulus 

type (words or pictures) and task (semantic>control; and action vs size retrieval).
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5.3 Results

5.3A Behavioural data

The mean error rates and reaction times (RT) over all subjects are shown in Table 5.1 

Table 5.1 Behavioural results

Condition Mean__________ RT Standard deviation Accuracy (% correct)

Words / Action / Tools
(milliseconds)
904 287 83

Words / Action / Fruits 969 334 75
Words / Size / Tools 867 295 92
Words / Size / Fruits 976 389 66
Words / Control / Tools 774 112 94
Words / Control /  Fruits 757 338 92
Pictures / Action / Tools 892 258 96
Pictures / Action / Fruits 783 345 83
Pictures / Size / Tools 813 126 92
Pictures / Size / Fruits 941 307 98
Pictures /Control / Tools 1024 437 83
Pictures /Control / Fruits 887 340 92

RTs were analysed with a within-subjects ANOVA to test for significant differences 

between the conditions. The only significant effect pertained to an interaction between 

task and modality (F2,20) = 4.3; p<0.0285 with RTs faster for the baseline task on 

words than pictures.

5. SB Imaging data: task effects

5.3Bi Common effects o f semantic retrieval (see Table 5.2)

Action and size retrieval, relative to the screen size control, activated (i) a lateral and 

posterior region encompassing the left inferior and middle temporal gyri (BA 20 and 

21); (ii) the left inferior frontal cortex within BA 47 (below the diagonal limb of the 

lateral fissure), BA 45 (pars triangularis), and BA 44 (pars opercularis) and (iii) the left 

ffonto-marginal gyrus (BA 10/12) (see green regions in Figure 5.2). There were no 

effects of semantic retrieval that were specific to words or pictures.
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Table 5.2.Common semantic retrieval AR+SR-SC masked with AR-SC & SR-SC

Region Brodmann

area

Laterality Coordinate 

X y z

Z score cluster

Fusiform 20 L -46 -48 -18 6.6 2655*

Ventral frontal 47 L -48 32 -6 5.8 1955*

47 L -44 28 -16 4.6 -

45 L -48 32 8 5.8 -

44/45 L -46 16 24 4.6 -

Fronto-marginal 10/12 R/L 2 56 -16* 4.7 225

Table 5.2. Activation common to semantic retrieval in action and real-size tasks. These results were 

generated by comparing Action and Size retrieval to size control (p<0.05 corrected for multiple 

comparisons). This contrast was masked witb Action retrieval minus Screen-size control (p<0.001 

uncorrected) and Size retrieval minus Screen-size control. AR = action retrieval, SR = size retrieval, SC = 

size control, T = tools, F = fruit.

* enhanced for action relative to size retrieval at p<0.001 (Table 5.3).

Figure 5.2. Activations (i) for both action and size retrieval relative to 

baseline (green); and (ii) specific for action relative to size retrieval (red) are 

rendered onto a template brain. Height threshold = p<0.001 uncorrected, 

extent threshold = 40 voxels. Yellow indicates where there was an effect of 

both retrieval tasks and also more activation for action than size retrieval.
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5.3BU Effects specific to Action or Size retrieval (see Table 5.3 and Figure 5.2) 

Activations specific to action retrieval (see red regions, Figure 5.2 previous page) were 

localised to LPMT (BA 37/21) and the right posterior-medial cerebellum (HVII A; 

Schmamann et al. 1999). There was also a trend for increased activation in the left 

ventral inferior frontal cortex (p<0.001, uncorrected; see yellow area in Figure 5.2). 

However, there was no effect of action relative to size retrieval in the premotor cortex, 

even when the threshold was lowered to p<0.05 uncorrected. Activation specific for 

size retrieval was observed only on the medial surface of the right superior frontal gyrus 

(pre-supplementary motor association cortex: designated as such because it is located in 

front of the VAC line; Picard and Strick 1996, see Figure 5.3A and B). There were no 

significant interactions between task (action or size) with stimulus type or category.

Table 5.3A. Action minus size retrieval: AR minus SR masked with AR minus SC

Region Brodmann

area

Laterality Coordinate 

X y z

Z score cluster

size

AR-SC

Superior posterior cerebellum 

Horizontal fissure R 16 -88 -34 5.3 711 5.0

Crus I - R 36 -78 -34 4.5 - 5.3

Posterior middle temporal 21/37 L -56 -62 0§ 4.7 664 5.8

Table 5.3A. Activation specific to Action retrieval, generated by contrasting Action retrieval with size 

retrieval (p<0.05 corrected for multiple comparisons) and masking this with Action retrieval minus 

Screen-size control (p<0.001 uncorrected). Abbreviations as in Table 5.2.  ̂Also present for tools minus 

finit (p<0.06 corrected for multiple comparisons, Table 5.4).

Table 5.3B.Size minus action retrieval: SR minus AR masked with SR minus SC

Region Brodmann

area

Laterality Coordinate 

X y z

S R -A R  

Z size

S R -SC  

Z score

Pre-supplem entary m otor area 6 R 6 6 68 4.8 36 3.5

Table 5.3B. Activations specific to Size retrieval. Size retrieval minus Action retreival (p<0.05 corrected 

for multiple comparisons) masked with Size retrieval minus Screen-size control (p<0.001 uncorrected). 

Abbreviations as in Table 5.2.
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Figure 5.3A.

Figure 5.3A. Sagittal section showing activation in right Pre-Supplementary motor 

area (red; x = 6 y  = 6 z  =  68) and right Supplementary motor area (green; x = 18 y = - 

10 z = 64), projected onto sagittal section of MNl template. VAC = vertical anterior 

commisural plane, AC-PC = horizontal anterior-posterior commisural plane.

Figure 5.3B Figure 5.3C

FSTS
TA TA

-3

Figure 5.3B. Peak voxel in pre-SMA (x = 6 y = 6

[± ] TS TSlA
FA

-2

-3

Figure 5.3C. Peak voxel in SMA(x = 18 y = -10

z = 68) , graph shows mean centred parameter 

estimates with error bars. T=tools, F= fruit, A= 

action retrieval, S= size retrieval.

z = 64), graph shows mean centred parameter 

estimates with error bars. Abbreviations as in 

Figure 5.3B.
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5.3C Category effects (see Table 5.4 and Figure 5.4)

The only effects that survived a corrected level of significance were for tools relative to 

fruits during semantic tasks (see Table 5.4). These were located in the right medial 

premotor cortex (supplementary motor area) behind the VAC line in accordance with 

Picard and Strick, (1996) (see Figure 5.3A and C) and LPMT where the effect was 

marginally significant after correcting for multiple comparisons ( Z=4.6; p<0.06 

corrected; see Figure 5.3 B and C). The respective Z scores for the interaction of 

category (tools - fruit) and task (semantic - screen size) in these areas were 3.6 and 

2.33.

Table 5.4. Main effect o f tools minus fruit for semantic tasks only

Region Brodmann Laterality Co-ordinate

area X y z Z size

Posterior middle temporal 21 L -56 -68 4§ 4.6 79

Supplementary motor area 6 R 18 -10 64 5.3 419

Table 5.4. Activation for retrieving knowledge about tools. Main effect o f tools minus fruit, in semantic 

tasks only (p<0.06 corrected), masked with interaction (Tools-Action retrieval -  Fruit-Size retrieval) -  

(Fruit-Action retrieval -  Tools-Size retrieval) (p<0.001 uncorrected). ^Also present for action retrieval 

minus size retrieval and action retrieval minus size control (Table 5.3A). Abbreviations as in Table 5.2.

The effect of tools relative to fruit in LPMT over-lapped with the effect of action 

relative to size retrieval. More specifically, the effect of tools relative to fruit was 

present for both action (x=-58 y= -64 z= 4; Z=3.7) and size (x= -54 y -  -70 z= -4; 

Z=3.7) retrieval tasks; and the effect of action relative to size retrieval was present for 

both tools (x= -58 y= -60 z= 4; Z=4.4) and fruit (x= -52 y= -70 z -  -6; Z -  4.1). Figure 

5.4 illustrates the overlap of task and category in LPMT. There were no significant 

effects of tools relative to fruit in the left premotor cortex at a corrected or uncorrected 

(p<0.001) level.
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Figure 5 .4A .

Figure 5.4A. Region of overlap for Tools minus Fruit (semantic tasks only) and Action 

retrieval minus Size retrieval. Image created by masking [Action retrieval minus Size retrieval] 

(p<0.05 corrected for multiple comparisons) with [(Action retrieval for Tools) and (Size 

retrieval for Tools) minus (Action retrieval for Fruit) and (Size retrieval for Fruit)] (p<0.06 

corrected for multiple comparisons. Extent threshold = 40 voxels.

Figure 5.4B. Figure 5.4C.
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Figure 5.48. Left posterior middle temporal region Figure 5.4C.Peak voxel in LPMT (x = -56 y

activated for tool retrieval (tools minus fruit, = -6 0  z  = 0)  graph shows mean centred

semantic tasks only, p<0.05 corrected); and action parameter estimates with error bars,

retrieval (minus size retrieval p<0.05 corrected). Abbreviations as in Figure 5.3.

rendered onto coronal slice of MNI template brain.
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Finally, an uncorrected significance threshold (p<0.001) was adopted to see if there was 

any activation for fruits relative to tools in the anterior temporal cortices, where lesions 

are associated with category specific deficits for natural kinds (Gainotti et a l, 2000). 

Greater activation for fmits than tools was found in the left medial anterior temporal 

cortex, (x= -22, y= 2, z= -24; Z=3.02 p<0.001 uncorrected) irrespective of task. There 

were no significant effects in the right anterior temporal cortex. Furthermore, there was 

no trend towards increased anterior temporal activation for the size retrieval task relative 

to either the action or control tasks, even when the threshold was lowered to p<0.05 

uncorrected.
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5.4 Discussion

The aim of this experiment was to establish whether the regions involved in processing 

tools and fruit correspond to those involved in the retrieval of action and perceptual 

(size) knowledge respectively. Support for this claim for tools was indicated by greater 

activation in LPMT for (i) retrieving action relative to size for both tools and fruit; and 

(ii) tools relative to fruit for both action and size retrieval tasks. However, there was no 

overlap in the activations observed for size relative to action retrieval, and fruit relative 

to tools. Fruit alone activated the left medial anterior temporal cortex (as predicted) and 

the only effect of size retrieval was in the pre-SMA. Unpredicted but highly significant 

activation was also observed in the right cerebellum for action relative to size retrieval 

and in the SMA for tools relative to fruit. I discuss these results in terms of task-specific 

and category-specific effects. By reference to the previous literature, I distinguish 

activations that are specific to retrieval of action or size from those that reflect 

differential demands on more general retrieval strategies. Finally I discuss the 

significance of these results for the cognitive and anatomical models of semantic 

processing that attempt to explain category-specific deficits.

5.4A Task Effects in LPMT

The results confirmed the prediction that LPMT is involved in action retrieval; there was 

no detectable activation in LPMT for size retrieval, even at a very liberal threshold 

(p>0.05 uncorrected). Although focal damage in LPMT has not been widely associated 

with tool-specific deficits in patients (except by Tranel et al. 1997), other neuroimaging 

data consistently suggest that LPMT has a role in the imagination and planning of 

actions.

LPMT is activated by retrieval of action words (Martin et al., 1995; Fiez et al., 

1996; Warburton et al., 1996) but not perceptual (e.g. colour-words; Martin et al. 1995)
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or associative (Vandenberghe et al. 1996) knowledge. Responses in LPMT are not 

restricted only to the retrieval of action; it is also activated when actions are observed. 

For example, LPMT is activated when subjects view moving images of hand gestures 

relative to static images of hands (Decety et al 1994,1997; Grezes et al 1998, 1999), and 

eye and mouth movement relative to non-biological motion (Puce et al., 1998). LPMT 

also responds when actions are implied, for example, when static images of hand 

gestures are compared to natural scenes (Peigneux et al., 2000) and static images of 

objects falling and athletes running are compared to similar images in which no motion 

is implied (Kourtzi and Kanwisher, 2000; Senior et al., 2000). Although pictures of 

animals can also imply motion, LPMT is typically more active for pictures of tools 

(Martin et al. 1996; Damasio et al. 1996; Moore and Price 1999), therefore it is not 

simply linked to biological motion. Neither is response in LPMT necessarily concerned 

with actions that have ‘semantic meaning’ as several studies report equivalent activation 

in this area for meaningless and meaningful gestures (Decety et al. 1997; Grezes et al. 

1998; Peigneux et al. 2000). Likewise, in Chapter 4, activation in posterior LPMT is 

shown when action decisions are made to novel objects.

Cumulatively, the evidence suggests that LPMT is involved when stimuli show 

or imply human movement. Could this area be part of a neural system for praxis and 

action ideation? Rizzolatti et al. (1996) suggest that human LPMT is homologous to the 

lower bank of the superior temporal sulcus (STS) in monkeys. Single neurons in the 

monkey STS fire selectively in response to behaviourally relevant motion such as hand 

actions and their firing rates are also modified by gaze direction (Perrett et al., 1989; 

Oram and Perrett, 1996). In humans, LPMT and the lower bank of the superior temporal 

sulcus may be functionally continuous as they share Brodmann’s area 21. Indeed, the 

LPMT activation for action retrieval and tools extended into the lower bank of the STS. 

Alternatively, LPMT may be involved in a more basic level of action analysis and then
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transfers this information to STS where more complex analysis of intention has been 

shown to occur in humans (e.g. Castelli et al. 2000). White matter connections between 

STS and LPMT (Seltzer and Pandya 1978, 1994) might facilitate such an interaction. 

Another possibility is that LPMT may be homologous to the motion detection region 

(V5/MT) which also responds to implied or illusory motion (Zeki et al. 1993; Kourtzi 

and Kanwisher 2000; Senior et al. 2000). However, to my knowledge, no experiment 

has explicitly compared the differential roles of V5/MT and LPMT. The average co

ordinates of V5 (x =-41 ± 5.6 mm, y = -70 ± 6.0 mm, z = +2 ± 5.3 mm; Watson et al., 

1993) are 8mm posterior to the LPMT area this study associates with action retrieval 

and 20mm posterior to the area that Martin et al., (1995) associated with action retrieval 

(x = -50 mm, y = -50 mm, z = +4 mm). As these are neighbouring regions, further 

investigation is needed to determine whether their neural populations are indeed 

functionally separable.

In summary, the evidence presented suggests that LPMT becomes activated in 

response to actual or implied human actions. For example, when body parts (e.g. hands) 

or manipulable objects (e.g. tools) are involved in a gesture; when a 

gestural/manipulative movement is implied (e.g. static images of hands gesturing, 

athletes running, objects falling); or when an action is verbally planned (e.g. action 

decisions, action-word generation). LPMT does not appear to be affected by the 

familiarity of the movement. Nevertheless, when the stimuli are meaningful, it is usually 

activated in conjunction with neural systems associated with semantic retrieval.

5.4B Right cerebellum and Pre-SMA

While responses in LPMT are strongly associated with action-related stimuli and tasks, 

the previous literature does not support such a role for the right cerebellum. In this 

experiment, there was greater activation for action relative to size retrieval, and no effect
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of size retrieval relative to screen size judgements. This result might be explained by the 

hypothesis of Desmond and Fiez (1998). They have argued that right cerebellar 

activation during verb generation tasks (Petersen et al. 1989; Martin et al 1995; Fiez et 

al. 1996; Klein et al. 1996) might relate to ‘semantic [retrieval] difficulty’. However, their 

proposal is not consistent with the results of the current study where the mean reaction 

times for action and size retrieval were equivalent. Nor is it consistent with the results of 

Vandenberghe et al.’s (1996) experiment, in which activation in this part of the right 

cerebellum was associated with size retrieval (more than function/action retrieval; x= - 

38, y= -76, z= -48).

Likewise, the response in the pre-SMA (more active for size relative to action 

retrieval) should not be interpreted as specific to the retrieval of perceptual knowledge. 

Pre-SMA activation has been reported during several tasks in which information must be 

held on-line in preparation to execute a response, such as recalling spatial locations and 

recognising faces (see Petit et al., 1998 for a review). It is also activated during the 

retrieval and performance of complex motor sequences in both monkey and man (Tanji 

and Shima 1994; Sakai et al. 1999). Therefore the activations in the right cerebellum 

(for action retrieval) and the pre-SMA (for size retrieval) are attributed to effects of task 

strategy. Both these regions, and the inferior frontal cortex, have been identified as parts 

of a neural system involved in retrieving items from verbal/semantic working memory 

(e.g. Fiez et al. 1996; Gabrieli et al. 1998). However, to my knowledge, a double 

dissociation of their respective functions has never before been demonstrated.

Based on the evidence presented above, differential task-specific activation in 

the pre SMA and the right cerebellum might be explained by task-specific demands 

upon working memory. This interpretation is also borne out in the context of differences 

in the demands of each task. For example, in the size retrieval condition, each scan 

would begin with a different question, e.g. “Is the object longer than a paintbrush?”. The
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subject was required to hold this information on-line for the duration of the block, in 

order to compare the length of a stereotypical paintbrush to that of each stimulus 

presented subsequently. In contrast, for action retrieval the questions were always the 

same (i.e. “Can this tool be twisted during use?”/ “Can this fruit be peeled by hand?”). 

Therefore, size retrieval was more taxing to “on-line” working memory processes 

activating pre-SMA; further research is required to corroborate these results. Other than 

the response in the Pre-SMA, there was no activation specific to size retrieval.

The specialised regions discussed above were activated in conjunction with a 

generalised semantic retrieval system (see Figure 5.2) consistent with the pattern of 

activation reported by Vandenberghe et al. (1996) and Mummery et al. (1996, 1998). 

Overall, the results suggest a common fronto-temporal semantic system for action and 

size retrieval with (i) additional involvement of LPMT for retrieving action knowledge, 

and (ii) effects of task strategy in the right cerebellum (for action retrieval) and the Pre- 

SMA (for size retrieval).

5.4C Category Effects: Tools

In accordance with the account of category specificity that stresses differences between 

sensory, and motor (action) knowledge for living and non-living things respectively 

(Warrington and McCarthy 1987), there was an additive effect of tools and action in 

LPMT. The semantic processing of tools also activated the right rostral-medial premotor 

cortex (SMA) where there was an interaction between task (semantic>non-semantic) and 

stimulus category (tools>fruit) at an uncorrected p<0.001 level. The SMA is thought to 

be involved in higher motor function (Picard and Strick 1996) and is directly connected 

with the primary motor cortex (Dum and Strick, 1991), allowing direct access to the 

motor effectors. The rostral sector of the SMA, located closer to the VAC line, is 

consistently reported as activated during the mental rehearsal of movement (Stephan et



159

al, 1995; Fink et a l l 997; Christensen et a l 2000). Thus, co-activation of the rostral 

SMA and LPMT for the semantic processing of tools more than fruit, suggests that 

semantic processing of tools implicitly prompts imagery of motor action. The SMA may 

be involved in action preparation whereas LPMT appears to be involved in the visual 

analysis of the stimulus for its action propensity (see above). However, no previous 

functional imaging study has linked the SMA to tool specific activation suggesting that 

the activation may be specific to the type of semantic tasks this study employed (action 

and real life size decision). Lesion data offer further support because focal lesions to the 

SMA can result in apraxia. Watson et al. (1986) describe several such patients who have 

a bilateral apraxia for transitive movements (i.e. involving tool use, such as hammering), 

but not intransitive movements (i.e. symbolic gestures such as hitchhiking that do not 

involve tools or objects). Although damage to the SMA has not specifically been linked 

to category deficits, patients with deficits related to non-living entities are often reported 

to have sustained fronto-parietal lesions (Gainotti et a l, 2000) which may include the 

SMA or the connections to it.

Finally, there was negligible activation for tools in the left pre-motor 

(p<0.05 uncorrected) compared to the strong effects observed in LPMT (p<0.06 

corrected; p<0.0000 uncorrected). Similarly, the left premotor effects reported when 

observing (Chao & Martin, 2000) or naming (Martin et a l, 1996) tools relative to 

animals were not highly significant. For example, Devlin et a l, (submitted) have 

suggested that tools may activate the left premotor cortex relative to animals but not 

relative to fruit which are also manipulable. Alternatively, in our study, subjects made a 

manual motor response (key press) in all conditions thereby equating manual response 

whereas when the response is non-manual i.e. naming, tools may elicit implicit manual 

responses that are incidental to the task requirements.
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5AD Category effects : Fruit

The only area to respond to fruit more than tools was the left medial anterior temporal 

lobe where damage can sometimes result in category specific impairments (Gainotti et 

a l, 2000). Activation was significant at p<0.001 uncorrected in a predicted region. 

Nevertheless, this effect is not as robust as the LPMT activation observed for tools. Why 

are fruit related effects in the anterior temporal cortices relatively elusive? Although in 

this experiment, there was a strong trend for more activation in the left anterior temporal 

cortex (x= -22, y= 2, z= -24) for fruit than tools during action and size retrieval, Devlin 

et al., (2001), report that the left medial anterior temporal lobe (x= -28, y= 2, z -  -26) 

was activated by both tools and fruit during semantic categorisation of written words. 

However, results of other experiments corroborate the findings reported in this chapter, 

reporting more activation for fruit than tools in anterior temporal cortex (Mummery et 

al., 1996; Moore and Price, 1999; Devlin et al., submitted). Thus, in diffferent 

experiments, the anterior temporal cortices have been implicated in processing tools 

and/or fruits, perhaps indicating that this region is exquisitely sensitive to task 

parameters (Price and Friston, in press).

Another way of explaining the apparently inconsistent response in the anterior temporal 

cortex, hypothesises that these regions are involved in integrating multiple sensory 

features (e.g. visual, auditory, olfactory) of objects. There are two sources of evidence 

supporting this claim. First, activation in the left anterior temporal cortex increases with 

the demands on semantic integration during sentence processing: when sentences are 

compared to unrelated word lists (Bottini et al., 1994) and when stories are compared to 

unrelated sentences (Fletcher et al., 1995). Second, it has been argued that identifying 

natural objects, such as fruit, may be more reliant on integrating multiple features 

whereas manmade objects, such as tools, can be identified on the basis of individual
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distinctive features (McRae and Cree, in press, Devlin et al., , 1998). For instance, 

identification of fruit usually relies on more than one property. Knowing that a fruit is 

yellow or long, or sweet or sour, is not sufficient but knowing that it is yellow and sour 

(lemon) or yellow and long (banana) is sufficient. In contrast, knowing a single 

property about a tool (eg “drives nails”) can often be sufficient to identify the object 

(HAMMER). Nevertheless, further experiments are required to qualify the role of the 

medial anterior temporal cortices in semantic integration.

5.4E Conclusion and Implications for theoretical models underlying category specific 

deficits

In conclusion, previous studies that have compared activation elicited by semantic task 

and stimulus category have failed to find any overlap between functional knowledge 

and tool processing. This study therefore focused on the motor knowledge required for 

action retrieval. It was found that LPMT was activated by (i) the retrieval of action 

knowledge regardless of stimulus category and (ii) tools, relative to fruit, even when the 

task did not require action retrieval. These results are consistent with the proposal that 

categorising an object as a tool involves the retrieval of action/motor knowledge, a 

process that may be mediated by LPMT, while the SMA may have a role in imagining 

and planning the motor response. LPMT is part of a ffonto-parietal system associated 

with visually presented hand movements (Hemsdorfer et al. 2001; Rushworth, Krams 

and Passingham, in press), and the SMA is an established part of the motor system 

(Dum and Strick, 1991). Thus, the ffonto-parietal lesions that have caused deficits with 

tools more than living kinds, may have disrupted connections between LPMT, the SMA 

and other sensory-motor areas involved in the ideation and generation of action.

The effects for fruits were less clear cut. Areas specific to perceptual knowledge 

wer not identified, and the only fruit specific effect was in the left medial anterior
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temporal cortex. I report this finding, although it did not reach a corrected level of 

significance, because it is consistent with the neuropsychological (Gainotti et al., 2000) 

and some of the previous neuroimaging literature (Mummery et al., 1996; Moore and 

Price, 1999; Devlin et al., submitted). I propose that activation in the left anterior 

temporal cortex is enhanced for fruit relative to tools because, during some tasks, fruits 

may increase the demands on "semantic integration". Further studies are required to 

demonstrate that fruit specific activation is functionally equivalent to activation 

associated with semantic integration. In summary, these data are partially consistent with 

McCarthy and Warrington’s (1987) model, in that a neural system common to action 

knowledge and tool discrimination was demonstrated, but the role of perceptual/sensory 

knowledge in object identification was not substantiated. Instead it appears that a hybrid 

model that distinguishes between identification based on motor properties, and 

identification through conjunction of sensory features would provide a better fit to the 

category specific functional neuroimaging data and go further in explaining the deficits 

observed in patients.
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CHAPTER 6: AN INVESTIGATION OF THE ROLE OF THE VENTRAL 

FRONTAL CORTEX IN SPEECH AND LIMB ACTION

6.0 Overview

This experiment attempts to establish whether retrieving vocally and manually mediated 

actions, triggered by visual stimuli, employs a common retrieval system. Put more 

simply, do language and praxis rely on the same retrieval mechanisms? Whilst being 

scanned, twelve subjects retrieved well-learned or newly learned associations between 

stimuli and actions. The expectation (derived from neurophysiological studies of 

primates) was that the inferior frontal gyrus would be involved in action retrieval 

regardless of the modality of the action. Furthermore it was predicted that within the 

inferior frontal gyrus, ventral prefrontal cortex (BA 45) and the inferior frontal sulcus, 

would be associated with retrieving newly learned actions, and ventral premotor cortex 

(BA 44) would be associated with well-learned actions. The results suggested that the 

retrieval of newly learned vocal and manual actions is amodal. As predicted bilateral 

prefrontal regions (but not including BA 45), plus the right anterior insula, were 

activated for both response types. In contrast, well-learned actions were retrieved in a 

modality specific manner, with the ventral premotor cortex (BA 44) activated only for 

vocal actions and the intraparietal sulcus only for manual actions. Thus BA 45 was not 

observed and BA 44 was linked to language retrieval rather than manual action 

retrieval, this result suggests a revision of theories explaining ventral-frontal cortical 

function. Overall, these data suggest that the same neural mechanisms are important for 

language and praxis during learning, but that once the stimulus-action association has 

become established, modality specific retrieval systems dominate.
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6.1 Introduction

The purpose of this experiment is to investigate the anatomy of language and praxis in 

terms of retrieval systems. It asks whether associating a visual stimulus with a vocal 

(speech) or manual (praxis) action relies upon a common retrieval system, in particular 

the ventral frontal cortex (Broca’s area). The experiment is motivated by findings from 

neurophysiological experiments on non-human primates, and seeks to establish 

homologies between human and primate brain function. It therefore assumes that 

primates possess rudimentary versions of certain human cognitive functions. This 

rationale will be reviewed in more detail below.

In early neuro-anatomical models of praxis (e.g. Liepmann 1988 in 1920; 

Geschwind 1965b), the premotor cortex (including Broca’s area) was thought to be 

important for associating sensory stimuli with limb responses. However damage to 

these regions was rarely found to induce an ideomotor apraxia (Faglioni and Basso 

1985), i.e. the ability to imitate an action was still intact. It is not known what role these 

areas play in the ideation of an action, a process that may or may not involve linguistic 

mediation.

Some support for the role of ventral premotor cortex (BA 44) and ventral 

prefrontal cortex (BA 45) in action ideation is provided by the comparative anatomical 

approach. Study of the primate brain reveals that the putative homologue of BA 45 

responds when the association between stimulus and action is newly forged. Therefore 

this area might be implicated in learning to associate an event with a particular action. 

The putative primate homologue of the ventral premotor area (BA 44) is regarded as 

involved in the retrieval of well-learned actions. If the function of the inferior frontal 

gyrus is to link events with appropriate learned behaviours, then it might be a common 

substrate for semantic processing in language (linking symbols with speech actions) and
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praxis (linking objects or symbols with appropriate limb actions). As humans habitually 

use both voice and hands to communicate and primates do not, these questions are only 

relevant to the investigation of the human brain.

6. lA  The ventral premotor cortex

Human BA 44 lies below the inferior frontal sulcus and between the pre-central sulcus 

and the ascending limb of the sylvian fissure in opercular inferior frontal gyrus 

(Brodmann 1909; Von Economo and Koskinas 1925; Kononova 1935, 1949) but the 

relationship between cytoarchitecture and anatomical landmarks is highly variable 

(Amunts et al. 1997, 1999). Monkey ventral pre-motor cortex is situated between 

prefrontal and primary motor areas. There is considerable debate over whether BA 44 of 

the human frontal cortex is homologous in terms of function to monkey ventral pre

motor cortex. Cytoarchitectonically there are similarities: both have large pyramidal 

cells in layer IIIc , and in both, layer IV is narrow but distinct (Galaburda and Pandya 

1982; Petrides and Pandya, 1995; Von Bonin and Bailey, 1947).

Rizzolatti et al. (1998) consider BA 44 to be the human equivalent of monkey 

F5 (ventral part of area 6), an area in which neuronal discharge correlates with the 

production or observation of a manipulative action. These neurons are thought to be 

important in imitative behaviour and are referred to as “mirror neurons”. F5 is 

somatotopically organised, its dorsal parts contain a representation of hand movements 

(Rizzolatti et al. 1988) and the mouth and larynx are represented in its ventral part 

(Gentilucci et al. 1988). Rizzolatti et al. (1998) argue that this arrangement is no 

coincidence, and that the combination of the mirror system and representations of 

manual and vocal actions was integral to the development of speech and intentional 

communication. It seems therefore, that the primate circuitry for learning, recognising 

and responding to manual gestures is established in the premotor cortex, and that a
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similar mechanism may underlie recognition and performance of manual action and 

gestures in the human, as well as mediating prepositional speech.

In humans, BA 44 has been investigated using neuroimaging techniques such as 

PET or fMRI. Price et al. (1996) showed that BA 44 was activated when subjects were 

asked to repeat heard words, though more anterior BA 45 was activated when subjects 

just listened to words. PET data also implicate BA 44 in the execution and perception of 

meaningful hand and arm movements (Bonda et al. 1994; Decety et al. 1994; 1997); and 

in Chapter 5, enhanced activation in BA 44 was associated with making action decisions 

in response to pictures of objects or their names. lacoboni et al. (1999) have reported 

activation in BA 44 for copied movements, for example watching an animation of a 

simple hand movement and then performing it, and Krams et al. (1998) report similar 

results. Rushworth et al. (2001) find that BA 44 is activated for: (i) a vocal condition in 

which the subject reads a letter and names it aloud; and (ii) a manual condition in which 

the subject views an image of a hand with one finger marked with a cross and responds 

by raising their own corresponding finger. Thus the neuroimaging results appear to 

contradict the assumptions of classical neurology, that Broca’s area, BA 44 (and 45) is 

involved in the production of speech and implicate BA 44 in manual responding as well 

as spoken responding.

6. IB The ventral prefrontal cortex

In the human brain, the ventral prefrontal cortex lies below the inferior frontal sulcus, 

dorsal to the horizontal limb of the sylvian fissure and anterior to the ascending limb of 

the sylvian fissure in the triangular part of the inferior frontal gyrus (BA 45) (Brodmann 

1909; Von Economo and Koskinas 1925; Kononova 1935, 1949). As in the ventral 

premotor cortex, the relationship between anatomical landmarks and cytoarchitecture is 

variable (Amunts et al. 1997, 1999). In the macaque brain, the homologue of human 

ventral prefrontal is thought to lie ventral to the sulcus principalis and comprise the
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inferior prefrontal convexity (areas 45A and 12/47), and orbital surface (areas 11, 13, 

14) (Petrides and Pandya 1994).

In monkeys, ablations of ventral prefrontal cortex severely impair the learning of 

visuo-motor conditional tasks, especially novel visuo-motor mappings (Murray and 

Wise 1997; Murray et al 2000). Passingham and colleagues (Toni and Passingham 

1998; Passingham et al. 2000) suggest that the ventral prefrontal is in an optimal 

position to represent information on visual cue, the motor response and the association 

between them. It receives visual input from the inferior temporal gyrus (Webster et al. 

1994; Pandya and Yeterian 1998) and action information from premotor cortex (Matelli 

1986; Pandya and Yeterian 1996). The work of Asaad et al. (1997) shows that the 

activity of certain prefrontal cells can be related to both the sensory cue and the 

appropriate response implying that associations are “stored” in prefrontal neurons.

Neuroimaging studies cumulatively suggest that BA 45 is part of a network of 

regions that are involved in the encoding of new associations for both verbal and non

verbal tasks. Studies of verbal cognition that report activation in BA 45 are diverse in 

the cognitive properties that they encompass. Price et al. (1996) report activation in left 

BA 45 when listening to meaningful auditory words is compared to meaningless sounds 

(the same words played backwards). Dolan and Fletcher (1996) report activation of 

BA45 (and not BA 44) in an association task in which subjects heard pairs of 

semantically related words (a category word paired with an exemplar word, e.g. 

dog...boxer). Left prefrontal cortex was maximally activated when new pairings 

between previously heard words were formed (e.g. sportsman... boxer or 

dog...Labrador). Similarly, BA 45 is activated when subjects generate a verb in 

response to a noun (Martin et al. 1995, Warburton et al. 1995) or when generating lists 

(e.g. ‘words beginning with S’) (Frith et al. 1995; Mummery et al. 1996). Activation in 

BA 45 is reduced for the recital of over-learned lists (months of the year) or the retrieval
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of over-leamed associations, such as opposites hot ... cold, man ...woman (Frith et al. 

1995; Raichle et al. 1994; Gabrieli et al. 1998; Thompson-Schill et al. 1998). Studies 

investigating action perception and retrieval, have implicated BA 45 in motor imagery 

and the formation of visuo-motor associations. Toni and Passingham (1998) find that 

there are learning related increases in the ventral prefrontal cortex when subjects 

associate visual cues with the movement of a finger by trial and error. Decety et al. 

(1994) report activation in BA 45 when subjects imagine grasping an object and when 

they observe a meaningful action being pantomimed, as does Rizzolatti et al. (1996). 

Grafton et al. (1996) also find BA 45 is activated when subjects watch a hand (that is 

not their own hand) reach for and grasp an object. In Chapters 4 and 5 activation in BA 

45 is observed during general semantic retrieval, but is enhanced when action decisions 

are made, perhaps reflecting the formation of a novel association between object and 

action. In summary the evidence indicates that the ventral prefrontal cortex is involved 

in constructing novel sensory motor associations (verbal and nonverbal).

6.1C The inferior frontal sulcus

Like the ventral prefrontal cortex, the inferior frontal sulcus is also activated during the 

encoding of novel visuo-motor associations (Toni and Passingham 1998), and for 

visuomotor conditional task versus reaching to grasp (Passingham et al. 1998). Toni and 

Passingham (1998) hypothesise that activation in this region may reflect the process of 

becoming familiar with a visual cue, because the same area also shows increased 

responses over time during a sensory control condition where subjects viewed the same 

four abstract symbols without responding. In the macaque monkey, there are cells in the 

ventral prefrontal region that change in activity on presentation of visual cues alone 

without any requirement for a response (Wilson et al. 1993; Scalaidhe et al. 1997). Cue 

specific cells have also been reported in this area by Asaad et al. (1998).
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To summarise, the ventral premotor cortex (BA 44) may be involved in the retrieval of 

well-learned visuomotor associations. Ventral prefrontal cortex, (BA 45) and bordering 

inferior frontal sulcus may be involved in retrieving newly-leamed visuomotor 

associations. The experimental aims were to investigate the behaviour of the ventral 

prefrontal and premotor cortices (Broca’s area) while visuo-motor associations are 

retrieved. The predictions were (i) that both regions are amodal with respect to the 

effector of the response; (ii) BA 44 is involved in the retrieval of over-leamed 

associations and (iii) BA 45 is involved in the retrieval of newly encoded associations. 

The experimental design comprised two factors: (i) modality of the effector: vocal or 

manual; (ii) level of learning (new or over-leamed).

6.2 Methods

6.2A Subjects

Twelve male subjects (age range 20-35) took part in this experiment, all were right 

handed and free from neurological or psychiatric disease.

6.2B Conditions and Tasks

The experimental design was 2x2 factorial in which subjects viewed visual stimuli and 

retrieved the appropriate motor response. The first factor was level of leaming: well- 

leamed (arrows and familiar letters) or newly-leamed (abstract symbols) (examples in 

Figure 6.1). The second factor was modality of response, manual (key-press) or vocal. 

For the newly-leamed conditions subjects responded vocally or manually to eight 

different abstract symbols (four linked to vocal responses and four linked to manual 

responses), the associations were arbitrary and had to be leamed prior to the experiment. 

For the newly leamed vocal task (VN), four vocal responses (“A”, “B”, “C”, or “D”), 

were made to four different symbols (see top row of Figure 6.2). In the newly-leamed 

manual task (MN), subjects selected one of four fingers (right hand) to press a key in
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response to each o f four abstract symbol (see third row of Figure 6.2). For the two well- 

leamed conditions, two more sets of four stimuli were used, these stimuli had features 

that directed the selection of a response i.e. the link was less arbitrary. For the well- 

leamed manual task (MW), arrows pointing in four different directions provided spatial 

cues as to which finger should be used to respond; while for the vocal task (VW) 

subjects were presented with familiar letters that have an over-learned association with a 

spoken response (“K”, “E”, “V”, “T”). All stimuli were controlled for luminance 

contrast and visual input by virtue of the fact that all were composed of the same four 

lines in different orientations. Two baseline conditions were also included. In the 

sensory control condition (S), novel symbols that had never been associated to a 

response was displayed (one per trial) and subjects were required to observe and not 

respond. Critically there was no replications of the same stimuli as there was in the 

other conditions. A rest baseline with no visual stimulation, and no response was also 

included.

Figure 6.1. The experimental design Manual Vocal

Newly-leamed 
(Indirect mapping)

Well-learned 
(Direct mapping)
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Figure 6.2 The tasks and stimuli. 

Vocal newly-leamed task

Vocal well-learned task

Manual newly-leamed tasks

Manual well-leamed tasks



172

6.2C Training

Prior to scanning, subjects underwent training to learn the association between each of 

the eight abstract symbols (used in the newly-leamed conditions) with the appropriate 

vocal or manual response. Visual feedback cues informed subjects whether the response 

was correct. Training for “Newly learned" proceeded until performance was 90% 

accurate. Performance with “Well-leamed” was trained to 100% accuracy.

6.2D Procedure

Each subject received twelve positron emission tomography scans, two scans were 

allotted to each of the six conditions. Each visual stimulus was presented for 300msec 

with an interstimulus interval of 2500msec. The total stimulus presentation period was 

one minute, starting ten seconds before data acquisition with 40 trials per condition. 

Before each scan, subjects were presented with written instructions which detailed the 

type of stimulus to be presented (abstract symbols, letters, arrows, or blank screen) 

modality of response (vocal, manual, or none). Conditions were counterbalanced 

between and within subjects. Stimulus presentation was via a Macintosh computer 

screen at comfortable viewing distance from the subject (approximately 40 cm). Vocal 

responses were collected via a voice key, which consisted of an electronic circuit gated 

by the amplitude of vocal input to a microphone, manual responses were logged when a 

finger pressed a key thus completing an electrical circuit.
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6.2E The linear contrasts

6.2EÎ Regions activated for visuo-vocal associations

To isolate the regions involved in retrieving visuo-vocal associations regardless of level 

of learning, each vocal condition was contrasted against the corresponding manual 

condition in a conjunction analysis: [VN -  MN] + [VW -  MW] to search for areas of 

common activation in the resulting statistical maps. To ensure that the results displayed 

are associated with visuo-vocal associations more than visual processing of a symbol 

(condition S) the inclusive masking option in SPM was used. This specified that 

activation for [VN -  S] and [VW -  S] must exceed a threshold of p<0.05, Z>1.66.

6.2E a Regions activated for visuo-manual associations

Visuo-manual associations regardless of level of learning were found by performing a 

conjunction analysis : [ MN -  VN] + [MW -VN]. Inclusive masking of the resulting 

statistical map with (i) [MN -  S] and (ii) [MW -  S] ensured that these regions were 

concerned with visuo-manual associations more than early visual processing, as above.

6.2Eiii Regions activated for newly learned visuo-motor associations

Regions activated for newly learned visuo-motor associations regardless of response

modality were found by comparing each newly learned condition with the

corresponding well learned condition in a conjunction analysis: [MN -  MW] + [VN -

VL]. The results of the conjunction were then inclusively masked with contrasts [MN -

S] and [VN - S] to exclude the effect of stimulus novelty and visual processing.

6.2E iv Regions activated for well-learned visuo-motor associations

These were found by performing a conjunction analysis of [MW -  MN] + [ VW - VN].

Inclusive masking was then performed to exclude voxels also activated for visual
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processing of novel stimuli, the contrasts comprising the mask were (i) [MW -  S] and 

(ii) [V W -S].

6.2Ev Regions specific to one condition only.

These were extracted by specifying a main effect for each condition relative to all others 

and masking with the appropriate interaction at a threshold of p<0.001. For example, to 

isolate activation specific to:

(i) Well-leamed vocal: [VW-(VN+MN+MW)] mask [VW-VN]-[MW-MN]

(ii) Newly learned manual: [MN -  (VW+ VN + MW)] mask [MN-ML]-[VW-VN].

(iii) Newly learned vocal: [VN-(VW+ MN + MW)] mask [VN-VW]-[MN- MW]

(iv) Well-leamed manual: [MW -  (VW+ MN + VN)] mask [MW-MN]-[VN- VW].

6.2F Criteria for reporting regions:

For the main effects of response modality, only regions that survive correction for 

multiple comparisons (p<0.05 Z>4.7) were reported. For all other contrasts, regions that 

reach an uncorrected significance level ( p<0.001 Z>3.09) and survive the specified 

inclusive mask, are reported.
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6.3 Results

6.3A Behavioural results

A two way ANOVA revealed no significant difference in reaction time between vocal 

and manual responding at a threshold of p<0.05. There was a significant difference in 

reaction time between the levels of learning p<0.0003. There was also a significant 

interaction between mode of response and level of learning, but post-hoc testing 

(Scheffé) rendered it insignificant.

Table 6.1. Summary statistics for reaction times

Condition N Minimum Maximum Mean Std.
Deviation

MN 12 570.7 890.2 722.0 89.8
MW 12 438.6 766.3 572.0 93.9
VN 12 697.5 1362.6 869.3 190.7
VW 12 447.8 733.9 542.4 85.7

VN = newly-leamed vocal, VW = well-leamed vocal, MN = newly-leamed 
manual, MW = well-leamed manual.
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6.3 B Regions activated for visuo-vocal>visao-manual associations [VN-MNJ+/VW-MWJ 

Regional activation was found at a corrected level of significance in the right post

central gyrus (BA 1/2/3), bilaterally in the superior temporal sulcus, left posterior 

superior temporal gyrus (BA 22), and the left ventral precentral sulcus.

Table 6.2. Vocal more than manual

Location BA Lat. Co-ordinate 
X y z

Z size

Preeentral gyri L -56 -8 26 7.0 262
R 64 -4 20 5.9 146
R 52 -8 32 7.4 107

Superior temporal sulci R 56 -24 0 4.9 5
L -64 -30 -2 5.4 29

Posterior superior temporal 22 L -58 -44 16 5.1 4

Cuneus 18/19 L -4 -90 20 5.3 33

Table 6.2. Visuo-manual versus visuovocal. [VN -  MN] + [VW -  MW] (p<0.001 Z>3.09) masked with VN > S 

and VW > S (p<0.05). VN = newly-leamed vocal, VW = well-leamed vocal, MN = newly-leamed manual, MW 

= well-leamed manual, S = sensory control (viewing novel symbols), BA = Brodmann area, Lat = laterality.

V .

y

Figure 6.3 The PET activations for vocal associations more than manual associations, a conjunction o f  VN-

M N  anH V W - M W  A rt iva f innc  are renHprpH o n to  an MNT hrain tpmnlafp
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63C  Regions activated for visuo-manual > visuo-vocal associations fMN-VNJ+[MfV- 

VWJ

At a corrected level of significance there was activation bilaterally in the dorsal 

premotor gyrus (BA6) and central sulcus, on the left in the left cingulate motor area (BA 

24/23), supramarginal gyrus (BA 40), and intraparietal sulcus. Subcortically there was 

activation in the right antero-medial cerebellum.

Table 6.3. Manual more than Vocal
Location BA Lat Co-ordinate 

X y z
Z size

Cingulate motor 24/23 L -2 -4 48 5.3 39

Dorsal premotor 6 R 30 -8 60 5.1 17
Central sulcus R 46 -28 46 6.5 11

Dorsal premotor 6 L -32 -18 62 Inf 2546
Central sulcus L -52 -34 50 7.8 -

Supramarginal 40 L -60 -26 30 6.3 -

Intraparietal sulcus L -38 -50 56 5.3 -

Antero-ventral Larsell IV R 26 -52 -24 Inf 462
Cerebellum

Larsell V R 10 -54 -14 5.8 .

Table 6.3. Visuo-manual versus visuo-vocal. [MN -  VN] + [MW -V W ] (p<0.001, Z>3.09) masked with 

MN > S and MW > S (p<0.05). Abbreviations as in Table 6.2.

Figure 6.4 The PET activations for the manual associations more than vocal associations, a conjunction 

o f MW -VW and MN-VN. Activations are rendered onto a MNI brain template.
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6.3D Regions for newly-learned> well-learned associations [MN-MW]-\-[VN-VW].

At a corrected level of significance (p<0.05) activation was onlu observed in the

anterior cingulate gyrus (BA 24), right anterior insula (Figure 6.5). A strong trend was

also observed the inferior frontal sulcus (IPS) bilaterally, on the right a tx  = 4 2 y  = 38 z

= 28 on the left at x = -34 y = 30 z = 16 (p<0.001 uncorrected). Activation in IPS was

predicted a priori, however the magnitude of the effect in these areas during the newly-

leamed conditions did not exceed the effect during the control condition (observing

novel symbols); see Figure 6.6.

Table 6.4. Newly-learned more than well-learned

Location BA Lat. Co--ordinate Z size
X y z

Anterior insula R 32 24 -2 4.7 37

Table 6.4. Newly learned versus well-leamed associations. : [MN -  MW] + [VN - VW] masked with 

[VN > S] and [MN > S]. Abbreviations as in Table 6.2

Figure 6.5 The right insula

Figure 6.5 Activation in the right insula 

projected onto a coronal section of the 

MNI template brain.



179

F igu re 6 .6 A  le ft in ferior frontal su lcu s

VN VWMW

- 1.5

effect

Figure 6.6B right inferior frontal sulcus

1 A

MN VWMW

- 0.5

- 1.5

effect

Figure 6.6 shows activation in the left (Figure 6.6A) and right (Figure 6.6B) inferior frontal 

sulcus projected onto saggital sections o f the MNI template brain, plus parameter estimates 

for each condition with standard error bars. Activation in these regions was significant at and 

uncorrected level in the conjunction o f newly-leamed minus well-leamed associations, but 

just failed to exceed activation in the sensory control condition (S) at a threshold o f p<0.05. 

Abbreviations as in tables.
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6.3E Regions for well-learned> newly-learned associations [MW-MN]+[VW-VN]

Only one region reached a corrected level of significance this was the right superior

temporal sulcus (BA 22).

Table 6.5 Well-learned >Newly learned

Location BA Lat Co-ordinate Z size
X y z

Posterior superior R 62 -34 14 5.71 759
temporal sulcus

Table 6.5. Regions showing differential rCBF when well-leamed associations are contrasted to newly-leam ed 

associations. [MW -  MN] + [VW -  VN] masked with [MW - S] and [VW - S]. Each contrast used in the 

mask was thresholded at p<0.05. Abbreviations as in Table 6.2

Figure 6.7 The PET activations for well-leamed associations more than newly-leamed associations. A 

conjunction of MW-MN and VW-VN. Activations are rendered onto brain templates in Talairach and 

Toumoux space.
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6.3F Regions specific to well-learned visuo-vocal associations I V W > ( V N + M W + M N + S ) ]

At a corrected level o f significance a region in the left inferior frontal gyrus (BA 44) was more active for

well-leamed visuo-vocal associations than all other conditions. At an uncorrected level o f  significance

(p<0.001 ) the inferior temporal gyrus was observed in both the main effect and the interaction (-52 -4 2  -

26).

Table 6.6. Activation specific to well-learned visuo-vocal associations

Location BA Lat. Co-ordinate Main Effect Interaction size
X y z Z Z

Inferior frontal 44 L -52 10 4 6.3 3.7 57

Table 6.6. Regions showing differential rCBF when well-leamed visuo-vocal associations are contrasted to all 

other conditions. SME ^Sim ple Main effect: [VW > (MN + MW -t- VN +S)] at a threshold o f p<0.05 corrected. 

Interaction:[VW -  VN] -  [MW + MN] threshold p<0.001 uncorrected, mask p<0.001. Abbreviations as before.

Figure 6.8. The ventral premotor cortex (BA 44)

3

2.5

1.5

0 .5
MN MW VN VW

0

- 0 .5

■1.5
2 3 5

effect

Figure 6.8. Cross-hairs centred on activation in the ventral premotor cortex (BA 44) observed for the 

simple main effect o f retrieving well-leamed visuo-vocal associations more than all other 

conditions. The plots show the parameter estimates for each condition. Abbreviations as before.

6.3Fi Localisation o f BA 44

Further confirmation that this activation was in BA 44 was provided by a probability 

atlas (Tomiauolo et al. 1999). This indicated that the location of the eo-ordinate was 

within BA 44 for between fifty and seventy five percent of subjects. Additionally the 

activation at this location was superimposed on the structural scans of each subject; in 

nine out of twelve subjects this coordinate was within the boundaries of BA 44.
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6.3G Regions specific to well-learned visuo-manual associations 

[MW> (MN+ VW+ VN^S)]

The interaction for well-leamed and visuo-manual associations revealed a region in the 

intra-parietal sulcus at an uncorrected level of significance surviving masking with 

[ M W - N S ]  at p<0.05.

Table 6.7 Activation specific to well-learned visuo-manual associations

Location BA Lat Co-ordinate Main effect Interaction size

X y z Z Z
Intra-parietal sulcus 7 L -22 -48 50 4.2 3.5 41

Table 6.7. Specific to well-leamed manual associations. Main effect: [MW>(MN+VW+VN+S)] at a threshold 

of p<0.001 (Z>3.09). Interaction: [MW + MN] -  [VW -  VN] at a threshold of p<0.001 (Z>3.09), masking 

threshold p<0.001 uncorrected. Abbreviations as in previous tables.

Figure 6.9. The left intraparietal sulcus

MN M W

-3

effect

Figure 6.9. Activation in the left intraparietal sulcus specific to retrieving well-leamed visuo-manual 

associations. Rendered onto MNI brain templates transverse, coronal, and saggital sections. Parameter 

estimates (and standard error) for each condition are shown in the plot. Abbreviations as in the tables.
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6.3H Activations specific to baseline conditions:

When all conditions (MN, MW, VW, VN) are subtracted from rest, BA 45 is evident at 

a corrected level o f significance (p<0.05, Z>4.7).

Table 6.8 Activation specific to baseline conditions

Location BA Lat Co-ordinate Main effect Main effect size
Rest Sensory control

X y z Z Z
Ventral prefrontal 44 L -46 -36 2 5.5 4.7 84

Table 6.8. Specific to baseline conditions. Main effect Rest: [R>(MN+VW+VN+S)] at a threshold o f p<0.05 

corrected. Main effect Sensory control: [S>(MN+VW+VN)] at a threshold o f p<0.05 corrected. R = rest; S= 

sensory control; other abbreviations as in previous tables.

Figure 6.10. The left ventral prefrontal cortex (BA 45)

M N M W V N  VW R

1 2 3 4 5 6

Figure 6.10 Shows activation in the left inferior frontal gyrus (BA 45) during 

the rest baseline. Rendered onto MNI brain templates in transverse, coronal 

and saggital sections. Plot shows parameter estimates for each condition (with 

standard error bars). R= rest, other abbreviations as in tables.
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6.4 Discussion

The aim of this experiment was to assess whether the prefrontal and premotor parts of 

the inferior frontal gyrus are involved in vocally and manually mediated actions. This 

was investigated by asking subjects to retrieve learned visuo-motor associations. It was 

predicted that premotor BA 44 would be involved in retrieving well-leamed actions 

while BA 45 and the inferior frontal sulcus would be involved in the retrieval of newly 

learned actions. The results were partially consistent with the predictions with the 

ventral premotor area (BA 44) activated for well-leamed visuo-vocal associations but 

not visuo-manual associations, which were linked to left intraparietal sulcus activation. 

For newly leamed actions, there was a strong trend in the left inferior frontal sulcus 

regardless of modality (as predicted), although this did not exceed the response for 

viewing novel, meaningless stimuli. There was no significant activation in ventral 

prefrontal cortex (BA 45), which was most active for the baseline conditions. Overall 

this experiment suggests that retrieving newly leamed action is mediated by the neural 

areas regardless of response modality. However, retrieving well-leamed actions requires 

neural regions specialised according to response modality.

6AA Activation for newly-learned associations

The only area activated more for the retrieval of newly leamed actions was the right 

anterior insula. Toni et al. (1999) also report insula activation, for learning a visual- 

conditional task in which subjects respond manually to newly-leamed (symbols) versus 

well-leamed (arrow) stimuli. The result reported here and those of Toni et al. (1999) 

imply that the role of the insula in this experiment is in teaming novel arbitrary 

associations. Additionally activation in the same part of the insula has been reported 

during translating words from one language into another (Price et al. 1999) i.e. making 

new associations between words.
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6.4Ai The ventral prefrontal cortex (BA 45)

Activation in the ventral prefrontal cortex was predicted for retrieving newly-leamed 

actions regardless of the modality of expression, but not observed. This may be because 

BA 45 plays a greater role in early encoding than when associations have been leamed. 

In the newly leamed conditions, the subjects were trained to a response accuracy level 

of ninety percent and they repeatedly retrieved actions to each of the four symbols. The 

repeated viewing of the same four stimuli may have induced priming or neural 

adaptation effects even though the ‘effort’ of retrieving actions was greater for the 

newly-leamed stimuli. The magnitude of activity in BA 45 is known to decrease when 

primed stimuli are used, e.g. during verb generation (Raichle et al. 1994; Seger et al. 

2000) which may be the reason why activation in BA 45 was not found for the new 

teaming conditions. However, activation at a corrected level was found in anterior BA 

45 for the baseline conditions minus the action conditions. A result that needs further 

investigation.

6.4Ail Inferior frontal sulcus

Paus et al. (1993) find IFS activates when subjects ‘reversed’ an association in contrast 

to retrieving over-practised associations. Toni and Passingham (1998) have 

hypothesised that the increase in IPS activation during a no-response sensory-control 

condition, was due to subjects becoming increasingly familiar with the four symbols 

presented. They also report that responses in IPS increase during teaming a visual 

conditional task. The results of Experiment 5 show that IPS is also activated when 

subjects view a different novel symbol for each trial. This unexpected result could be 

explained by the work of Assad et al. (1998) who conducted single unit recordings of 

neurons within primate IPS. They showed that although 55% of cells showed activity 

specific to the association between sensory cue and action, a further 20% of cells 

responded to cue alone. If these proportions are similar in humans, PET scanning may
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not be sensitive enough to distinguish between the heterogenous neural populations in 

this small area of cortex. It may also be the case that IFS activation is greatest when 

stimuli are novel and reduces as the stimuli become leamed.

6AB Activation fo r  well-learned associations

Broca’s area (BA 44) was not revealed to be common to retrieving well-leamed actions 

regardless of modality (but was found to be specific for well-leamed visuo-vocal 

associations, see Section 6.3C). Instead, a right superior temporal region was activated 

for well-leamed more than newly leamed associations (irrespective of response type), at 

a corrected level of significance. This region does plays a role in action tasks: 

Kanwisher and Kourtzi (2000) find activation in this area when pictures implying 

motion or an action are observed (e.g. a mnning athlete) by human subjects. Also, cells 

in monkey STS increase in activity when actions are observed (e.g. Jellema et al. 2000). 

However its specific function in action has not yet been characterised.

6 AC Activation for well-learned visuo-vocal associations

Left BA 44 was revealed only for well-leamed vocal associations. For newly-leamed 

vocal associations (versus either rest or the visual baseline) there was no significant 

difference in BA 44 even at the most lenient statistical threshold (p<0.05 uncorrected), 

illustrating the highly selective behaviour of BA 44 and suggesting that it is a language 

specific region. This finding argues against the classical neurological view that Broca’s 

area is specialised for the production and articulation of speech. It is consistent with the 

reports that injury to BA 44 does not produce a lasting speech arrest but a transient non- 

fluent aphasia (Mohr, 1978; Tokonogy and Goodglass 1981, Alexander et al. 1990); and 

activation in BA 44 is not associated with articulation (Murphy et al. 1997; Wise et al. 

1999).
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Given that recent neuroimaging experiments report activation in BA 44 during 

copying a movement and imagination of movement, it is surprising that there was no 

significant activity associated with the well-leamed manual task. Several theories have 

been constmcted about the possible role BA 44 plays in non-vocal motor function. 

Rizzolatti et al. (1998) contend that neural activity in BA 44 is concerned with the 

recognition and imitation of actions and lacoboni et al. (1999) provide neuroimaging 

evidence to support this theory. Their subjects watched an animation of a hand raising a 

finger, and responded by imitating the action or just observed. In other conditions 

subjects observed a still picture of a whole hand with a cross on one finger or a grey 

rectangle with a cross corresponding to a finger position, the task was either to raise the 

finger specified by the cross, or to refrain from response. The copied movement 

condition resulted in activation of BA 44 with a highly significant increase in magnitude 

(p<0.01 corrected) relative to the other movement conditions. However in all conditions 

activation in BA 44 was significantly greater than during the rest baseline.

A second proposal is that BA 44 is part of the neural system supporting 

movement preparation and motor imagery (e.g. Jeannerod 1995). Krams et al. (1998) 

provide neuroimaging support for this, by showing that a region near BA 44 is involved 

in the preparation of copied action rather than in its execution. They used “copied” 

movements to try to segregate the brain regions related to preparing a motor response, 

from those mediating the execution of the response. In one condition, subjects were 

briefly presented with a photograph of a hand in which the nail of one finger was 

darkened (cue). They prepared to move the corresponding finger of their own hand, and 

executed the movement on hearing an auditory “go” cue. When this condition was 

compared to another in which there was no delay imposed between visual cue and 

motor execution, activation was observed in the precentral sulcus (BA 44/6). The results 

of this study appeared to implicate BA 44 or a region close to it in the preparation to
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copy an action versus executing the action. In an experiment similar to that of Krams et 

al. (1998), Rushworth et al (2000) found an activation that was more convincingly in 

BA 44 for the same comparison (preparation versus execution), and also for preparing 

to speak in response to a letter stimulus. These experiments suggest that BA 44 is 

involved in recognising and responding to manually and vocally expressed actions.

In support of Jeannerod’s (1995, 1997) theory, tasks such as mentally 

rehearsing a sequence of joystick movements (Stephan et al. 1995); imagining moving a 

finger in response to a visual pattern (Deiber et al. 1998) or imagining grasping an 

object (Grafton et al. 1996) have often been associated with activation in BA 44 (also 

see Table 2.2B in Chapter 2). Parsons et al. (1995) also activated BA 44, in an 

experiment which required subjects to decide whether a picture of a hand shown in 

various orientations corresponded to a left or a right limb, a task which involves 

imagining rotating the hand into the orientation of the stimulus. Recently however, 

Grézes and Decety (2001) performed a meta-analysis of this data and found that some 

of the activations reported to be in BA 44 actually reside in neighbouring BA 6 (Grafton 

et al. 1996). Others lay in the precentral sulcus between BA 44 and BA 6 (Stephan et al. 

1995; Krams et al. 1998). Only the Parsons et al. (1995) activation could be described as 

within BA 44, but in a later study this activation was not replicated (Parsons et al. 

1998). Decety et al. (1994) performed an experiment similar to the reach to grasp study 

of Grafton et al. (1997); they did not report activation in the inferior frontal gyrus. One 

notable difference between the two experiments was the stimuli to be grasped. Grafton 

et al. (1997) asked subjects to imagine grasping real objects with numerous semantic 

associates. Decety et al. (1994) asked subjects to imagine grasping ‘virtual cylinders’ of 

different sizes, which from a semantic perspective are homogeneous, i.e. activation in 

BA 44 could be associated with the presence of meaningful stimuli rather than
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imagining an action. Taking these findings into account, the link between action 

imagination and BA 44 becomes more doubtful.

Further evidence to suggest that BA 44 responds to semantic meaning rather 

than action comes from series of experiments by Decety and colleagues who investigate 

action observation (see Table 1.1 in Introduction). In two of these studies, subjects 

viewed meaningful and meaningless pantomimed actions, activation in the inferior 

frontal gyrus (BA 44/45) was revealed for watching meaningful actions, but not 

meaningless actions (Decety et al. 1997; Grézes et al. 1998). These results suggested 

that BA 44/45 is implicitly engaged in semantic processing (decoding the meaning of 

the actions). An alternative explanation was that this area was responding to the 

familiarity of the meaningful actions (the meaningless actions were novel). To exclude 

this possibility a further experiment was performed (Grézes et al. 1999), in which 

subjects observed only meaningless actions, one set was leamed prior to being scanned 

and another set were novel. No significant activation was observed in the inferior frontal 

gyms for the leamed minus unleamed contrast, indicating that BA 44 was responding to 

the semantic meaning inherent in the actions rather than the familiarity of the action 

sequence.

Could activation in BA 44 during “action” tasks be due to the use of verbal 

strategies? The investigations of imitation, imagination and observation of hand/limb 

movements have not established whether activation in BA 44 is due to use of a verbal 

strategy to perform the task. In the case of preparing to imitate movements, a verbal 

strategy might be put to use during the delay between displaying the image of the hand 

with finger raised/marked, and the auditory “go” cue. This strategy might constitute 

intemally naming the finger to be raised (“middle” or “index”), or sub-vocal counting in 

anticipation of the “go” cue. Imagining movements might also be coupled with a verbal 

narrative especially when the task involves selecting between two responses that are
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words, e.g. “left” and “right” (see Parsons et al. 1995). Similarly, the results of Toni et 

al. (1998), showed BA 44/opercular activation associated with viewing unassociated 

symbols. Possibly, this increase was due to the visual symbols becoming more familiar 

and therefore more nameable, supporting a strategy of using names to link the correct 

finger movement to each visual pattern. As the association becomes more deeply 

encoded, the contribution of BA 44 and the necessity for a verbal mediation strategy 

might decrease. Decety and colleagues have already alluded to the involvement of the 

left inferior frontal gyrus in verbal/semantic processing and not in recognition of actions 

(Grezes et al. 1999).

It is less easy to attribute the copied movement result of lacoboni et al (1999) to 

verbal processing. In the copied movement condition, the possibility that subjects 

vocalised the response (by naming the finger to be raised) was controlled for by 

subtracting conditional finger movement tasks that did not involve copying. Also, there 

was no imposed delay between visual cue and response in which verbal rehearsal could 

take place (as in Krams et al. 1998; Rushworth et al. 2000). lacoboni et al. could have 

made their results more convincing by quantifying the statistical difference between the 

copied movement condition and the movement observation conditions. However, they 

do include a plot of the magnitude of activation in BA 44 for each condition (see Figure 

6.11) which does suggest a significant difference between observation and copying. 

Counter-intuitively, the plot also suggests that the effect of moving a finger in response 

to the spatial location of a cross on a grey background is greater than the effect of 

viewing a still image of a hand and moving the finger marked by a cross. One would 

think that the latter condition (moving the finger marked by a cross) rather than the 

former is more similar to copying a movement and therefore would have elicited greater 

activation. In summary, the results of this study are intriguing but require further 

investigation to be convincing.
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Although Experiment 5 of this thesis does not reveal BA 44 for well-leamed 

manual actions, this should not be taken to suggest that BA 44 does not have a role in 

understanding and producing gesture. Hickock et al. (1996) provide a detailed account 

of a deaf-signer with an ischaemic infarct in the region o f the left (dominant) frontal 

operculum. The initial presentation was an ‘expressive’ aphasia which settled into 

normal sign production with sign-finding difficulties and phonemic paraphasias. 

Cortical stimulation of BA 44 in a deaf-signer (Gorina et al 1999) resulted in sign 

forming deficits and both semantic and phonemic paraphasias. However, it should also 

be noted that few clear-cut cases of apraxia have been reported as a result of injury to

Figure 6.11
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Figure 6.11 Taken from lacoboni et al. (1999). A graph of activation in BA for watching (a) an 

animation o f finger being raised; (b) a grey rectangle with a cross in the spatial location o f the relevant 

finger; (c) a still photograph of hand with a cross that indicated which finger should be raised. The task 

(shown above stimuli) is “Execution” (E) of finger raising response or “Observation” (O) o f the stimulus 

without responding. Y axis = magnitude o f response. lacoboni et al. report a highly significant 

difference between Ea versus Eb and Ec (p<0.01, corrected for multiple comparisons). They do not 

quantify the difference between Ea and Oa, Ob, Oc, statistically, but it appears from the graph that there 

is a significant difference between Ea and the Observation conditions.

the inferior frontal gyrus. There are but a handful of cases in which a frontal lesion has 

been associated with apraxia (Faglioni and Basso 1985) or are limited to the middle 

frontal gyrus (Haaland et al. 2000). Thus patient evidence suggests that the inferior
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frontal gyrus only becomes involved in manual gesturing when it is being used for 

verbal expression.

It appears therefore, that BA 44 may be specific to verbal actions. The evidence 

that does not conform to this theory is that of lacoboni et al. (1999). It is important to 

consider that the capabilities of BA 44 may change depending on the regions it 

communicates with. lacoboni et al. report that left BA 44 is activated in the same 

condition as the right anterior inferior parietal lobe (AIP; supposedly a homologue of 

primate AIP). In the primate, the area AIP is known to be connected to area F5 (perhaps 

homologous to BA 44) via white matter tracts (see Rizzolatti 1997) and is involved in 

programming grasping actions (Binkofski et al. 2000). In studies that investigate 

verbally mediated cognitive functions, BA 44 activation is often associated with 

activation in the inferior temporal gyrus. This region has been identified in naming and 

phonological retrieval experiments (Price et al. 2000), and white matter tracts link the 

two regions in the human brain (Di Virgilo et al. 1994). In Experiment 5 of this thesis 

BA 44 selectively responds to well-leamed vocal associations, and inferior temporal 

gyrus is also activated in the same condition (sub-threshold). Experiment 5 also 

indicates that to promote activation in BA 44 the symbol-response relationship must 

have achieved generality over many contexts (well-leamed), rather than being specific 

to the context of one experiment (newly-leamed).

6.4D Activation fo r  well-learned visuo-manual associations

Although no areas survived a corrected level of significance, a medial part of the left 

anterior intraparietal sulcus (IPS) was activated more for the well-leamed visuo-manual 

condition at an uncorrected level of significance. The human anterior intraparietal 

sulcus is activated during visually guided grasping (Faillenot et al. 1997) and patients 

with lesions of this area have deficits in object prehension (Binkofski et al 1998). This 

region is thought to be homologous to the anterior inferior parietal cortex of the
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monkey, which contains neurons that respond to the visual and motor components of the 

grasp and are tuned specifically to the shape to be grasped (Sakata and Taira 1994).

6.4E Production Systems

In Experiments 1-4 (Chapters 4 and 5), activation associated with production of action 

is subtracted out. In Experiment 5 production-related activation specific to vocal or 

manual output can be investigated relative to the sensory control condition.

6.4Ei Activations related to producing a vocal response

Ventral precentral cortex is activated on the left when the vocal tasks are compared to 

the manual tasks. It is not possible to determine whether this is a motor region 

concerned with the articulation of speech or whether it is an associative region for 

linking visual stimuli with vocal responses. In the experimental literature this region is 

sometimes interpreted as having a verbal associative function (Mummery et al. 1996; 

Price et al. 1996; Mummery et al. 1998; Grabowski et al. 1998; Chao et al. 2000) and in 

other experiments as involved in vocal articulation (Murphy et al. 1997).

The left superior temporal gyrus/sulcus and bilateral middle temporal gyri were 

activated at a corrected level of significance. Within the confines of the experimental 

design, these areas might play a role in (i) the retrieval of visuo-vocal associations; (ii) 

the articulation of a vocal response (iii) hearing one’s own voice when responding 

aloud. The left superior temporal activation is in the region of Wernicke’s area which is 

classically thought to be involved in the retrieval of phonological formations (e.g. 

Mummery et al. 1996), i.e. a visuo-vocal association region. The bilateral middle 

temporal sulci are probably related to the auditory sensation of the vocal response (e.g. 

Price etal. 1996).



194

6.4EU Activations related to producing a manual response

When manual conditions are compared to verbal conditions, the dorsal precentral gyri, 

cingulate motor area (BA 24/23), anterior intraparietal sulcus and supramarginal gyrus 

(BA 40) were revealed at a corrected level of significance.

The dorsal precentral gyrus was activated bilaterally and the peaks of these 

activations are in the caudal part of the dorsal precentral gyrus. This suggests that they 

are related to motor execution (Matsumura et al. 1995; Stephan et al. 1995; Krams et al. 

1998; Binkofski et al. 1999) as a more rostral part of precentral gyrus is usually 

involved in retrieving visuo-motor associations (Deiber et al. 1991, 1997; Grafton et al.

1998). This functional subdivision has also been noted in non-human primates (e.g. 

Passingham et al. 1993; Johnson et al. 1996).

The location of the left cingulate motor area behind the VGA line suggests that 

it is close to the “hand-related” region isolated in neural stimulation studies of epileptic 

patients (e.g. Jasper and Penfield 1954) and neuroimaging of normal subjects (Paus et al 

1993; Fink etal. 1997).

The left supramarginal gyrus (BA 40), has been implicated in imagining actions, 

observing actions, (see Chapter 2 Table 2.2A and B), the execution of actions (e.g. 

lacoboni et al 1999), and in motor attention (Rushworth et al. 1997). More importantly, 

it plays a role in the use of visual instructions for motor preparation (Deiber et al. 1996). 

The intraparietal region activated, is lateral to the area seen for the effect of acting 

manually to well-leamed stimuli. Whether either parietal region is involved in the 

production of a manual response or is specific to forming associations in the manual 

modality is not clear from this experiment. What is notable, is the proximity of the 

parietal areas activated for different tasks indicating that greater spatial resolution may 

be needed to discover patterns of neural specialisation in the parietal cortex.
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6.5 Conclusion

The purpose of this experiment was to see whether a different set of assumptions 

derived from experiments on primates could elucidate the function of the inferior frontal 

gyrus (Broca’s area). A subsidiary aim was to establish the degree of anatomical 

congruity for retrieving vocally mediated and manually mediated actions triggered by 

visual stimuli. The expectation was that the inferior frontal gyrus would be involved in 

action retrieval regardless of the modality of the action; and that within the inferior 

frontal gyrus, BA 45 and the IPS would be associated with retrieving newly learned 

actions and BA 44 with well-learned actions. The results of this experiment did not 

conform to the predictions in every respect. Although the IPS and an extended system 

of brain regions were associated with newly learned actions regardless of modality, BA 

45 was not observed in this condition. In addition the only ‘amodaT region for well- 

leamed actions was in the right superior temporal gyrus (BA 22), which was not 

predicted. Thus for well-learned retrieval, the evidence supports modality-specific 

systems rather than a common amodal system, with BA 44 associated with vocal acts 

and the intraparietal sulcus associated with manual acts. The findings of this experiment 

are consistent with the findings of Experiments 1-4 (Chapters 4 and 5) which regard 

Broca’s area as primarily a semantic associative region. They also illustrate that 

neighbouring regions within the left parietal cortex can be involved with either 

production or association functions. The close proximity of these areas combined with 

the limited spatial resolution of PET may explain why anterior inferior parietal 

activation proved so elusive in chapters 4 and 5.
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CHAPTER 7: DISCUSSION AND CONCLUSIONS

7.0 Overview

The aim of this thesis was to try to identify the neural correlates of the ideational praxis 

system and to assess the role of linguistic processes, specifically semantic memory, in 

praxis. As discussed in Chapter 1, there is considerable debate over how the cognitive 

components of praxis map onto neural anatomy. In addition, the frequent coincidence 

of apraxia and aphasia has suggested to some theorists that the underlying cognitive and 

anatomical systems are inter-dependent. However, the extent of the neural collaboration 

has not been delineated. These research questions were broached in a series of 

experiments that investigated:

{i} The internal organisation of the praxis system by testing the hypothesis that

there are semantic and visual-mechanical routes to action generation that can be 

anatomically dissociated (Chapter 4)

(ii) Regions of anatomical overlap between praxis and semantic systems by

investigating the neural anatomy of action retrieval and tool processing (Chapter

5).

(iiil Whether retrieving a manual action utilises the same neural system as retrieving

vocal actions (Chapter 6).

The results of these experiments suggest neural correlates for some of the cognitive 

functions hypothesised to be part of the ideational praxis system.
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7.1 Summary of Chapter 4

7.1 A semantic and non-semantic routes to action generation?

Chapter 4 investigated whether the neural organisation of the ideational praxis system 

conformed to the model proposed by Rumiati and Humphreys (1998) in which there are 

separate visual and semantic routes for object-oriented action generation. Three sets of 

experimental data were investigated, both individually and in a meta-analysis.

7. IB Results of the meta-analysis reveal a semantic route for actions 

It was predicted that action retrieval cued by object names would involve semantic 

processes. Consistent with this prediction, in all three experiments it was found that the 

left anterior fusiform (BA 20) and the left anterior temporal cortex (BA 38), were 

activated by action decisions on object names more than pictures of objects and ‘non

objects’. Activation in both of these regions is attributed to semantic processing because 

these temporal areas (i) have been activated in neuroimaging experiments investigating 

semantic retrieval (see Chapter 2 Table 2.8B); (ii) have been linked to semantic 

processing in lesion studies (Mummery et al. 1999, 2000); and (iii) also respond during 

other semantic conditions (e.g. size retrieval). Thus they appear to be part of a 

generalised semantic system rather than being part of an action-semantic system.

7.1C The necessity o f  the semantic route to action can be modulated by task demands 

When all experiments in Chapter 4 were analysed together, semantic areas were

significantly more active for action retrieval to object names than action retrieval to

pictures of familiar objects. However, in Experiment 1 alone, the difference between

words and objects does not reach significance and in Experiment 2, only the difference

between words and pictures of non-objects reaches significance. It was hypothesised

that these weak results were due to the mode of response. Subjects indicated their action

decision by pressing one of two keys, thus the response was not compatible with the

imagined action and this may have forced the subjects into using a semantic strategy. In
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Experiment 3 subjects were asked to gesture their action responses using a 

‘manipulandum’, this less arbitrary mode of response reduced emphasis on the semantic 

route to action for action retrieval cued by pictures of familiar objects relative to object 

names.

7. ID The necessity o f the visual route can be modulated by task demands

The Rumiati and Humphreys (1998) model also predicted that retrieving actions in

response to pictures of objects and non-objects would require access to a structural

description system and/or a system for exploiting object affordances. Although no

specific region was associated with retrieving actions cued by pictures of familiar

objects, action retrieval to non-objects activated a left middle occipital region (BA 19),

known to be involved in the analysis of form and structure.

It was hypothesised post-hoc, that the same region would be involved in action

retrieval cued by familiar objects, but at a lower significance threshold, however no

evidence for this was found. These results imply that unfamiliar stimuli are more likely

to cue the visual-mechanical route to action than familiar stimuli.

7. IE  The visual and semantic routes converge in left posterior middle temporal cortex. 

Lastly, all three experiments revealed a set of activated regions that were common to 

action retrieval cued by words and pictures: the left posterior middle temporal cortex 

(LPMT) and the triangular portion of the left inferior frontal gyrus (BA 44/45). The 

inferior frontal gyrus (BA 44/45) was part of the neural system associated with general 

semantic retrieval (it was activated for both action and size retrieval). In contrast, LPMT 

was not detected in the size retrieval condition even at a very liberal statistical threshold 

suggesting that it is not a neural correlate of general semantic retrieval.

What is the function of LPMT in this context? Could it be a correlate of the 

‘action semantic’ system (Rothi et al. 1991), or ‘action-related elements’ (Allport 1985),
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rather than the general semantic system. The ‘action semantic’ system is hypothesised 

to include knowledge of the functions of tools and objects, and knowledge of actions 

independent of tools. Experiment 1 revealed that LPMT was only activated when 

knowledge about tools or actions was retrieved and not when perceptual knowledge was 

retrieved. LPMT also seems to interact with the generalised semantic retrieval system as 

it is activated in concert with inferior frontal gyrus, thus it could be regarded as a 

separate action component of the general semantic system. However, a review of the 

literature suggests that there is no significant difference in LPMT activation for 

meaningful and meaningless viewed actions (Decety et al. 1997; Grezes et al. 1998,

1999) implying that it is not part of an action semantic system.

Using the assumptions of the Rumiati and Humphreys (1998) model, this region 

appears to be related to a convergence of semantic and visual processing streams, and 

thus must correlate to the ‘action systems’ portion of their model where visual and 

semantic pathways come together (see Figure 1.10). It was suggested in Chapter 1 (see 

Section 1.6) that the Kinetic and Extrakinetic engrams proposed by Liepmann (1988 in 

1920) might be integrated at this stage of Riddoch and Humphreys’ (1987) model. 

LPMT may correspond to Extrakinetic engrams, (see Section 7.4C for further 

discussion). In summary, the data provides some evidence for neuroanatomically 

separable semantic and visual routes for praxis: retrieving actions to object names 

involved an anterior temporal semantic region, while a left middle occipital region (BA 

19), was activated when actions were cued by non-objects. The semantic route was 

further emphasised for object names when subjects were required to gesture the actions 

rather than pressing a key. In addition, a common action system incorporating the left 

posterior middle temporal gyrus and the left inferior frontal gyrus was revealed for all 

action tasks.
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7.2 Chapter 5: The neuroanatomy of tool and action knowledge.

This experiment investigated the neural representations of different semantic object 

categories (tools and fruit). It tested the model of the semantic system proposed by 

Warrington and McCarthy (1987) in which objects are defined in terms of their 

dominant sensory features and the actions commonly associated with them. This 

entailed a factorial design in which category was crossed with semantic task (action or 

perceptual). To support the theory, an anatomical equivalence would be expected for 

tool and action retrieval regions and for fruit and perceptual (size) retrieval.

7.2A The neural correlates o f  action knowledge overlap with tool representations 

Retrieving actions and making semantic decisions about tools did activate the same

region. Furthermore, this activation was in LPMT, the region associated with action

retrieval for words and pictures in Experiments 1 -3 (Chapter 4). In addition, the

rostral SMA was activated for tools only in the context of performing semantic retrieval

tasks. The rostral SMA is thought to be involved in imagining and preparing actions.

In summary, there was support for the motor (action), but not the perceptual

branch of Warrington and McCarthy’s theory. This positive result is one example of a

situation in which the praxis and semantic systems must interact for successful task

performance with LPMT revealed as a critical region for this collaboration.

7.2B The neural correlates ofperceptual and fruit knowledge do not overlap.

Retrieving perceptual knowledge and making decisions about living items (fruit) did not

activate overlapping regions. There was no specific neural correlate for retrieval of

perceptual knowledge, but the left medial anterior temporal cortex was activated for

fruit stimuli irrespective of the task performed. This region is known to be polymodal

and may facilitate object recognition by uniting conjunctions of perceptual features.
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7.3 Chapter 6: Separate retrieval systems for well-learned speech and limb actions.

Experiment 5 (Chapter 6) investigated whether retrieving actions from different output 

modalities (manual and vocal) depends upon a single retrieval system, i.e. a single 

semantic system. The hypothesis was that the inferior frontal gyrus would be one neural 

correlate of this system. It was found that when actions are newly learned, they depend 

upon the same retrieval regions (the right insula and left inferior frontal sulcus) 

regardless of effector modality. However, retrieving well-learned actions utilised 

different regions depending upon the modality of response. The opercular part of 

inferior frontal gyrus (BA 44) was vocal-specific, and the intraparietal sulcus was found 

to be manual-specific. These results suggest that the retrieval systems for praxis and 

language diverge when actions are well-learned.
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7.4 The coherence of the results with the existing cognitive models of praxis

How do these results cohere with the neuropsychological models introduced in Chapter 

1? In Figure 7.1 below the neural activation isolated in Experiments 1 to 5 are 

superimposed on the cognitive model developed in Chapter 1 (Figure 1.11).

VISUAL
objects, g g g g , 

novel object

VERBAL
written and 

spoken words, 
symbols

y

O O
0

INNERVATION
and

ACTION OUTPUT 
(manual /limb)

Figure 7.1. Suggested anatomical correlations for the cognitive functions that may 
compose the ideational praxis system. Blue arrows correspond to semantic pathways, red 
arrows correspond to visual pathways.
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7.5 Mechanical problem solving

The visual-mechanical stream of processing in Figure 7.1 above includes a node for 

mechanical problem-solving. In Figure 1.11 of Chapter 1, it was suggested that a 

‘structural description system’ and/or a system for the exploitation of object affordances 

may be sub-components of this faculty. The system for the exploitation of object 

affordances may include structural descriptions and be embodied as the white matter 

connections between structural description regions and the motor system or there may 

be a cortical region specific to affordances e.g. within the dominant parietal cortex. 

Although activation in the parietal cortex was not observed, there was significant 

activation in the left middle occipital cortex for action responses to ‘non-objects’. This 

area has been linked to the structural processing of objects (Malach et al. 1995). Is it the 

neuronal equivalent of the structural description system?

7.5A Structural descriptions: the left posterior temporo-occipital cortex?

Riddoch and Humphreys (1987) conceive of a stored structural description in terms of

Marr’s (1982) 3D sketch as an object-centred representation, from which the object’s

appearance from all other angles and distances can be predicted. The orientation of the

object’s parts and the surfaces provide sufficient information to discriminate familiar

from unfamiliar objects and for actions to be performed (Riddoch et al. 1989). However

a structural description does not provide sufficient information to name an object or

retrieve its associates. These are tasks that require the semantic system.

Evidence for the existence of a structural description system comes from reports

of optic aphasic/associative agnosic patients who are able to discriminate between

familiar and unfamiliar objects although they cannot identify them (Riddoch and

Humphreys 1987; Caramazza and Hillis 1995). They can also draw named objects from

memory although they presumably do not recognise their own drawings. Both Riddoch

and Humphreys 1987 and Sirigu et al. (1991) observe that their patients can mime the
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use of an object quite specifically e.g. using the left hand to pantomime the use of a fork 

and the right hand for a knife, and clearly this “use-specific” knowledge could not be 

derived from affordances. Riddoch and Humphreys (1987) and Riddoch et al. (1989) 

imply that these action pantomimes must be derived from the structural descriptions 

system.

In Experiment 2 significant activation in a structural processing region, the 

posterior middle occipital gyrus was associated with making action decisions in 

response to ‘non-objects’ more than familiar objects. The response in this region is 

somewhat consistent with the function of a structural description system in that it 

differentiates between novel (‘non-objects’) and familiar objects. As discussed in 

Chapter 4 this region may be equivalent to the lateral occipital complex (LO) as 

described by Malach et al. (1995).

7.6 Affordances

In the experiments included in this thesis, it was hypothesised, based on the ideas of 

Gibson (1979), that object affordances may be able to cue ‘use-specific’ manipulations 

of objects such as twisting and pouring. The pattern of cognitive deficits for patient 

(Riddoch and Humphreys 1987) was cited as evidence in support of this view. The 

anterior inferior parietal cortex was proposed as a region capable of exploiting 

affordances for actions because:

(i) Sakata (1995) reports sub-populations of neurons in primate AIP that discharge 

in response to the presentation of specific three-dimensional objects and during 

grasping movements directed toward these objects

JB was able to pantomime complex actions in response to viewed objects, but was unable to name or 
categorise them.
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(ii) It has been proposed that the visual system can be dissociated into two streams 

(Ungeleider and Mishkin 1982) - a ventral occipito-temporal stream for object 

identification (‘what’), and a dorsal occipito-parietal stream for object-oriented 

action based on spatial characteristics (‘how) (Goodale and Milner 1992).

However, because dorsal stream activation was not revealed, we must ask whether the 

ventral stream middle occipital region is involved in utilising affordances for action.

Goodale et al. (1991) provide evidence to suggest that the ventral ‘what’ 

pathway is involved in pantomiming actions. DF, a form agnosic patient with damage to 

the ventral stream (bilateral occipito-temporal lesions), is unable to pantomime grasping 

an object even when the object is visible, however, if asked to post a letter through a 

slot, DF was able to orient her hand appropriately. This suggests that the dorsal stream 

mediates ‘on-line’ actions (i.e. an immediate action response that negotiates real 

visuospatial cues) but that the ventral stream is required for ‘off-line’ actions such as 

gesturing (i.e. action in response to an imagined stimulus).

Furthermore, the dorsal stream does not appear to be capable of eliciting use- 

specific object manipulation without the ventral stream. Patient DF failed on tasks in 

which she was required to grasp an object in a manner coherent with its function, i.e. if 

the handle of a ladle faces away from her she would grasp it by its bowl (Goodale et al. 

1991). Conversely, a patient reported by Jeannerod et al. (1994) was impaired at 

grasping cylinders of different sizes due to damage to dorsal stream regions, but was 

able to pre-shape her hand appropriately if given real meaningful objects (e.g. a tube of 

lipstick). Again, this suggests that object manipulation can involve the ventral 

processing stream.

In summary, the middle occipital region (BA 19) is in the ventral visual 

processing stream and has been linked to structural processing (Malach et al. 1995;
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Schacter et al. 1995; Kourtzi and Kanwisher 2000). It could be part of a ventral stream 

system thought to mediate off-line action such as gesturing in response to objects or 

object names. Further investigation is required to establish the extent to which the 

ventral stream pathways for off-line action (visual-mechanical) and the 

identification/categorisation of objects (semantic) are segregated and how the structural 

processing gains access to the motor output system.

7.7 The semantic components of action

Experiments 1-4 revealed several temporal semantic regions, including the left medial 

and lateral anterior temporal cortex and the left anterior fusiform gyrus. The lateral 

anterior temporal cortex and anterior fusiform gyrus were associated with retrieving 

both perceptual and action knowledge and appear to be part of a generalised retrieval 

system. The medial anterior temporal region was more active for living objects (fruit) 

and could also have a more general semantic function but this requires further 

investigation.

The inferior frontal (BA 44, 45 and 47) and middle frontal (10/12) regions also 

appear to be semantic. They are activated in Chapters 4 and 5, as part of the generalised 

semantic system irrespective of semantic task and stimulus type, and in Chapter 6, BA 

44 is revealed to be specific to verbal-semantics rather than also generalising to well- 

leamed manual actions.

7.8. LPMT: * extrakinetic engrams’?

As well as delineating the regions involved in visual-mechanical and semantic routes to 

action, this thesis identifies a region activated during both these strategies. The results 

reveal that the left posterior middle temporal gyrus (BA 21/37; LPMT) is activated 

regardless of the strategy used to retrieve actions. Furthermore, LPMT appears to be
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specific to action tasks and stimuli rather than part of a generalised semantic system that 

responds to all meaningful stimuli. Nevertheless, during presentation of meaningful 

stimuli, activation in LPMT covaries with activation in general semantic areas 

suggesting that they are functionally linked. For example in Experiment 2 (Chapter 4), 

activation in both the semantic network and in LPMT increased together for meaningful 

stimuli such as object names and familiar objects. Conversely, when action retrieval is 

performed on non-objects, activation increases in LPMT only and not the general 

semantic network. Chapter 5 therefore concluded that LPMT is a non-semantic action 

region.

The neuroimaging literature supports this proposal, Decety et al. (1997) and 

Grezes et al. (1998,1999) found that LPMT does not show a differential responses for 

meaningful or meaningless stimuli, of the behaviour of LPMT is consistent with what 

Sirigu et al. (1991) call sensorimotor experiences, and Buxbaum and colleagues (2000) 

call manipulation knowledge. Both investigators agree that this knowledge exists in a 

motor format, but can be transcoded into a verbal format allowing verbal description of 

actions.

LPMT could also be considered the correlate of Liepmann’s Extrakinetic 

engrams (see Liepmann 1988 in 1920). Indeed it is close to the parieto-occipital region 

that he claimed was damaged in cases of ideational apraxia (see Figure 1.2 of Chapter 

1). Liepmann described Extrakinetic engrams as principally consisting of visual-image 

memories of action sequences, and recent neuroimaging experiments reveal that LPMT 

is often activated in action observation and action imagination tasks (see Tables 2.1 and 

2.2, Chapter 2). He also suggested that Extrakinetic engrams are available to conscious 

scrutiny, implying that they can be translated into language. Recent neuroimaging 

experiments also reveal that LPMT is activated during tasks involving verb generation 

and tool categorisation (see Tables 2.4 and 2.5 of Chapter 2). I therefore propose that
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LPMT is the neural correlate of Liepmann’s Extrakinetic engrams which I have called 

action knowledge and other investigators have called ‘sensorimotor experience’ or 

‘manipulation knowledge’.

7.9 Left Intraparietal cortex: Kinetic engrams?

Liepmann (1980 in 1920) describes Kinetic engrams as simple action programs that are 

not consciously accessible, i.e. not available to verbal report. The left anterior 

intraparietal cortex was activated in Experiment 5 (Chapter 6) when well-learned 

manual actions were retrieved. In this experiment subjects associated one of four finger 

movements with arrows pointing in different directions and the use of verbal retrieval 

strategies was discouraged during training. On this basis I tentatively suggest that the 

intraparietal cortex may be involved in retrieving Kinetic engrams. Clearly further 

experimentation is required to verify this suggestion.
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7.10 Future directions

This thesis has delved exclusively into the neuroanatomy of ideational praxis. An 

interesting extension to this project would be to compare semantically and visually 

driven “off-line” action (i.e. miming or acting in response to a word), to “on-line” 

visuo-spatially driven action (i.e. acting immediately on the basis of presented visuo

spatial cues). The reason why this was not attempted in this thesis was because I 

initially thought that it would be difficult to control for arm and head movement across 

conditions. Also if subjects are gesturing or acting in response to real objects (e.g. to an 

instruction like ‘show me how you would use this object?’) it may be difficult to control 

for the kinematics of the action response.

However one simple way to get around this obstacle would have been to ask our 

subjects to perform a grasping task in response to objects or words. The conditions 

would be formulated as follows:

Unfamiliar object Familiar object Word

Real grasp 
(precision grasp 

of width of 
object)

Object present 
during grasp response

Ao
Real dimensions 
‘tennis ball’

B@ c

Tennis ball

Remembered
grasp

(precision grasp must be 
retrieved

Object briefly 
shown but removed 
during grasp response

Tennis ball 
is not shown in 
real dimensions, 

grasp must be 
retrieved.

Grasp must be 
retrieved from 
word meaning

F

Tennis ball

Figure 7.2 a proposed experiment

There would be three types of stimulus in this experiment. In conditions A and D the 

stimuli would be photographs of semantically neutral spheres (unfamiliar objects). In 

conditions B and E, they would be photographs of familiar objects (e.g. tennis ball). In 

conditions C and F the stimuli would be object names as written words.
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There would be two task types. In the ‘real grasp’ conditions (A-C), subjects 

would be asked to reach out and form a precision grasp to approximate the width of the 

photographed object or word on a video screen. In the ‘remembered grasp’ condition 

subjects would reach out and form a grasp based on memory of object size. In condition 

D the neutral sphere would be briefly shown and removed from the screen and a grasp 

response would be informed by visual memory of the image. In condition E a familiar 

object would be presented but the dimensions would not be appropriate (i.e. too large or 

too small), subjects would form a grasp based on a retrieved structural description of the 

object. In condition F the size of the object must be retrieved from word meaning, thus 

semantic processing is needed for the grasp response to occur.

I would predict that subtracting the ‘remembered grasp’ conditions from the 

‘real grasp’ conditions would reveal the dorsal ‘on-line’ route to action. The reverse 

comparison (‘remembered grasp’ minus ‘real grasp’) would reveal the ventral ‘off-line’ 

route. The ventral route could be further sub-divided to reflect visual -mechanical and 

semantic processing streams. [(F-C) -  (E-B)] might reveal the semantic route to action, 

[(E-B) -(F-C) ] might reveal the visual-mechanical route.

Another possible extension of this project would involve scanning apraxic 

patients. The idea would be to scan patients with ideomotor apraxia while they perform 

ideational praxis tasks, and patients with ideational apraxia while they perform 

ideomotor tasks , thus delineating task-sufficient regions. More research is also needed 

into the brain systems mediating performance of bedside praxis tests such as imitation 

of a viewed action versus responding to a verbal command to act.
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7.11 Conclusions

In conclusion, the experiments described in this thesis have begun to probe the 

neuroanatomical basis for models o f praxis. They have provided preliminary evidence 

for two neurally dissociable routes to action retrieval, and suggest that both these routes 

can be accommodated in the ventral processing stream. Comparing the 

visual/mechanical (off-line) and dorsal parietal (on-line) routes to action would be an 

interesting extension to this line o f investigation.

LPMT has been linked to Extrakinetic engrams rather than a segregated action 

semantic system as suggested by Rothi et al. (1991, 1997). It therefore appears that 

there is a generalised semantic system which, in certain circumstances (e.g. tool 

processing) interacts with Extrakinetic engrams (LPMT) to facilitate both identification 

and preparation for action.

Finally it was found that the retrieval systems for well-learned vocal and manual 

actions are segregated. If well-learned manual responses rely upon Kinetic engram 

retrieval then the intraparietal cortex may be a correlate o f Kinetic engrams. Similarly if  

well-learned vocal responses rely on semantic retrieval then the ventral premotor cortex 

(BA 44) is a correlate o f semantic processes.

Although the experiments reported are only initial steps in defining the 

functional neuroanatomy underlying conceptual praxis, I hope that they contribute to 

the larger task o f piecing together the praxis system, such that the apraxias can be 

defined in terms o f brain function and dysfunction, and will no longer be regarded as 

syndromes o f exclusion.
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APPENDICES

Appendix I: Chapter 3

Li The Principles o f PET

In more detail, the procedure involved introducing the tracer isotope H2^^0, through a 

forearm cannula, the tracer circulates through the blood stream to reach the brain tissue. 

H2^^0 molecule is unstable because the oxygen has an excessive number of protons and 

a positive charge. In order to stabilise the atom’s nucleus, a positron (a positively 

charged electron) is emitted, removing the extra positive and converting a proton into a 

neutron. The emitted positron collides with the nucleus of a nearby atom and combines 

with an electron forming an intermediate, positronium, in an annihilation reaction. The 

annihilation produces two gamma rays that are emitted at 180° from each other, forming 

a ‘coincidence line’. The tomograph detects the isotope’s location and concentration 

through a ring of detectors circling the subject’s head, by recording coincidence 

combinations between detectors across the ring. The detectors are composed of bismuth 

germanate scintillation crystals which convert the gamma rays into photons. The 

photons are transformed into electrical signals by the tomograph machine, and a three 

dimensional image of rCBF patterns in the brain can be constructed. Importantly, H2^^0 

decays rapidly (a half life of 2.07 minutes), enabling repeated measurements of different 

cognitive states in each individual subject.
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LU General Linear Model and Linear contrasts in SPM

A general linear model explains the variations in Yj (the observed response variable) as 

a linear combination of the explanatory variables (%) plus the error term (e):

Yj =  X j l  P/ +  . . . XyV p / +  . . . +  X j L  p i  +8y

Here the P/ are (unknown) parameters (e.g. the slope o f a regression), corresponding to 

each o f the L explanatory variables. The model is assumed to fit such that the errors Sy 

are independent and identically distributed random variables with zero mean and 

variance a^.

In summary: j indexes the scans (1 to 12 in a PET experiment); V is the data for 

each scan at a particular voxel (the response variable); jc is the explanatory variable 

(categorical e.g. words and objects, or continuous e.g. level of difficulty); L indexes the 

explanatory variables; p is one parameters that describes the behaviour of Y, in a simple 

regression analysis, i.e. the slope of the line o f best fit; e is the residual error for each 

scan.

data vector design matrix parameters

a

P3

P4

Ps

P6

Pt

error vector

X

Figure 8.1. The general linear model in terms o f a data matrix. Y = data from one voxel. X, the design matrix 
contains modelled effects (column 1) corresponding to a ‘box car’ model: black = on (e.g. view word) white = off 
(e.g. view blank screen). Column 2 is a constant, the other columns model physiological confounds such as heart 
rate and global blood flow. The unknown parameters are represented by the column of betas. A well-behaved 
error term is modelled in the error vector.
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The term jc,  can also be expressed as a matrix (see figure 8.1) containing explanatory 

variables (e.g. effects specified by the experimental design, or confounds) and is called 

the design matrix. Each column of the design matrix corresponds to variables one has 

built into the experiment or that may confound the results. In other words, the design 

matrix partitions effects according to whether they are interesting (explaining an 

activation according to psychological factors) or not (a nuisance effect like background 

global activity or heart rate).
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I.üA Use o f linear contrasts to test fo r experimental effects

Linear contrasts are used as a general mechanism to express hypotheses about the 

effects defined in the design matrix. The relative contribution of each o f these columns 

is estimated using the general linear model and standard least squares. T or F statistics 

are used to infer these contributions depending upon whether one is looking at a 

particular linear combination (or column) or all of them together (several columns). 

These techniques can be used to implement a vast range o f statistical analyses and

ç=+l jOOOOOOO

e.g. activation: column 1 > 0 ?

scoittol corona

— ^
vac

SPM {f

i-ansversG

t-test Hq: ç'B = 0

Figure 8.2 The design matrix is used to test hypotheses about the behaviour o f voxels in the brain. Linear 
contrasts are used to test these hypotheses. A contrast is a linear combination o f parameters. In figure A 
above, a contrast is constructed using column 1 o f the design matrix which is a simple ‘box car’ function 
, black = ‘on’ (e.g. a word is presented) white = ‘o f f  e.g. a blank screen is presented. This contrast tests 
for voxels that approximate an ‘on-off pattern of activation, and whose activation amplitude is 
significantly different from zero. The null hypothesis being that no voxels have an amplitude 
significantly different from zero. Figure B i s  a statistical parametric map in three views, it is displayed 
within a ‘glass brain’ e.g. the transverse view is as if  viewed from above, and all brain activation in black 
can be seen from top to bottom. This map is called an SPM{t} because it tests the effect o f one column 
rather than several columns o f the design matrix.
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answer several experimental questions given that the formulation of the design matrix is 

appropriate to the study design and the inferences sought.

The design matrix can contain both covariates and indicator variables. Each 

column of x has an associated unknown parameter. Some will be of interest (e.g. the 

effect of a particular cognitive or sensorimotor condition. The remaining parameters 

will be of no interest and pertain to confounding effects (e.g. the effect of being a 

particular subject or the regression slope of the voxel on global activity). Inferences of 

the parameters are made using their estimated variance. This allows testing of 

hypotheses such as all parameter estimates are zero - using the F statistic to give and 

SPM{F}, or that the estimate for a particular linear contrast is zero -  using a T statistic 

to give an SPM{T}. The T statistic is obtained by dividing a compound or contrast of 

parameter estimates by the standard error of the compound (see 8.3 next page). The 

standard error is estimated by using the variance of the residuals around the least 

squares fit.
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condition I condition 2

1 ^rCBF
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voxel by voxel modelling

T =
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parameter estimate variance estimate statistic image 
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Figure 8.3. Shows how a statistical map is derived. Box 1 contains scans for each condition (1 &2). In 
Box 2, the graph shows activity in a single voxel during each condtion. The regional cerebral blood flow 
(rCBF, y axis) is compared to the background global flow (gCBF) at each time point .parameters are 
derived by fitting a linear function to the data (e.g. slope). In Box 3 the Statistical map is created from 
performing t-tests at each and every voxel. The formula is shown above. The next stage would be to 
perform linear contrasts (not shown).
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Il.i List o f  stimuli for Experiment 1 

Non-Twisters Twisters

Pencil Doorknob
Kettle Spanner
Broom Bulb
Clothespin Screwdriver
Scissors Pliers
Saucepan Button
Thimble
Hammer
Needle
Toothbrush
Comb
Fork
Paintbrush
Ruler
Nail
Saltshaker
Spoon
Chisel

Il.ii List o f  stimuli for Experiments 2 and 3

Orange squeezer 
Spoon 
Teapot 
Test tube 
Wine bottle 
Watering can 
Frying pan 
Bowl 
Carafe 
Saucepan 
Bucket 
Coffee pot 
Decanter 
Gravy boat 
Kettle 
Ladle 
Mug
Wine glass 
Milk bottle 
Jug

Office chair 
Pen
Spanner 
Toilet handle 
Whisk
Meat grinder 
Rope
Fishing rod 
Light bulb 
Fan
Corkscrew 
Wood drill 
Egg beater 
Hook 
Key 
Screw
Steering wheel 
Watch 
Telephone 
Nut
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Appendix III Chapter 5:

Ill.i List o f fruit stimuli and associated tasks (Set 1)

Stimulus No. letters No. syllables Kucera-Francis freq.

Onion* 5 2 15

Cauliflower"^- 11 4 1

Orange* 6 2 3

Grapes 5 1 7

Apple 5 2 3

Tomato 6 3 4

Lemon 5 2 4

Lettuce*^ 7 2 0

Potato 6 3 15

Pepper 6 2 13

Pumpkin 7 2 2

Grapefruit* 10 2 3

Total 70 27 70

Average 5.8 2.3 5.8

Could you peel it by hand? 4- 

Is it larger than a turnip? *
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Ill.ii List o f fruit stimuli and associated tasks (Set 2)

Stimulus No. letters No. syllables Kucera-Francis freq.

Banana* 6 3 4

Mushroom*"^ 8 2 2

Artichoke* 9 3 0

Cherry 6 2 4

Pear 4 1 3

Carrot 6 2 1

Cucumber 8 3 0

Celery 6 3 4

Pineapple 9 3 9

Strawberry-^ 10 3 0

Asparagus 9 4 1

Com 4 1 34

Total 85 29 62

Average 7.0 2.4 5.2

Could you peel it by hand? 4- 

Is it smaller than a kiwi fruit? *
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III. Hi List o f tool stimuli and associated tasks (Set I)

Stimulus No. letters No. syllables Kucera-Francis freq.

Pliers * 6 2 1

Bulb * 4 1 7

Doorknob * 8 2 3

Clothespin 10 2 0

Broom 5 2 2

Kettle ^ 6 2 3

Scissors 8 2 1

Saucepan 4- 8 2 0

Thimble 7 2 1

Pencil 6 2 34

Toothbrush 10 2 6

Comb 4 1 6

Total 82 22 64

Average 6.8 1.8 5.3

Is it longer than a paintbrush? ^  

Would you twist it to use it? *
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lll.iv  List o f  tool stimuli and associated tasks (Set 2)

Stimulus No. letters No. syllables Kucera-Francis freq.

Fork * 4 1 14

Spanner* 7 2 0

Screwdriver* 11 3 0

Paintbrush 10 2 2

Button 6 2 10

Ruler 5 2 3

Needle 6 2 15

Hammer 6 2 9

Nail<> 4 1 6

Salt-shaker 10 3 0

Spoon 5 1 6

Chisel 6 2 4

Total

Average

80

6.7

22

1.8

69

5.8

Is it smaller than an egg cup? 4- 

Would you twist it to use it? *


