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Abstract

Action representations associated with object use may be incidentally activated during visual

object processing, and the time course of such activations may be influenced by lexical-semantic

context (e.g., Lee, Middleton, Mirman, Kalénine, & Buxbaum, 2012). In this study we used the

“visual world” eye-tracking paradigm to examine whether a deficit in producing skilled object-use

actions (apraxia) is associated with abnormalities in incidental activation of action information,

and assessed the neuroanatomical substrates of any such deficits. Twenty left hemisphere stroke

patients, ten of whom were apraxic, performed a task requiring identification of a named object in

a visual display containing manipulation-related and unrelated distractor objects. Manipulation

relationships among objects were not relevant to the identification task. Objects were cued with

neutral (“S/he saw the….”), or action-relevant (“S/he used the….”) sentences. Non-apraxic

participants looked at use-related non-target objects significantly more than at unrelated non-target

objects when cued both by neutral and action-relevant sentences, indicating that action

information is incidentally activated. In contrast, apraxic participants showed delayed activation of

manipulation-based action information during object identification when cued by neutral

sentences. The magnitude of delayed activation in the neutral sentence condition was reliably

predicted by lower scores on a test of gesture production to viewed objects, as well as by lesion

loci in the inferior parietal and posterior temporal lobes. However, when cued by a sentence

containing an action verb, apraxic participants showed fixation patterns that were statistically

indistinguishable from non-apraxic controls. In support of grounded theories of cognition, these

results suggest that apraxia and temporal-parietal lesions may be associated with abnormalities in

incidental activation of action information from objects. Further, they suggest that the previously-
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observed facilitative role of action verbs in the retrieval of object-related action information

extends to participants with apraxia.
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1. Introduction

1.1. Apraxia

Limb apraxia (hereafter, simply “apraxia”) is a disorder of complex skilled action not

attributable to weakness, incoordination, or other elemental sensory or motor impairments. It

occurs in approximately 50% of people who have suffered left hemisphere cerebral vascular

accidents (LCVA) (Barbieri & De Renzi, 1988; Zwinkels, Geusgens, Sande, & Heugten,

2004). Classic accounts distinguish two major subtypes of apraxia, termed ideational and

ideomotor. Ideomotor apraxia is frequently assumed to affect the accuracy of gesture

pantomime and imitation due to abnormalities in joint angles and limb trajectories, and

uncoupling of the spatial and temporal aspects of movement (Haaland, Harrington, &

Knight, 1999; Smania et al., 2006; Smania, Girardi, Domenicali, Lora, & Aglioti, 2000).

Ideational apraxia is traditionally distinguished on the basis of tool misuse errors on single

and multiple-objects tasks (see Vanbellingen & Bohlhalter, 2011, for review). However, in

practice, these distinctions have been difficult to validate. Deficits on pantomime tasks and

impairments in real object use have been shown to correlate significantly in a positive

direction (Randerath, Li, Goldenberg, & Hermsdörfer, 2009); furthermore, individuals with

apraxia make similar types of errors on both tasks (Clark et al., 1994; Mcdonald, Tate, &

Rigby, 1994; Poizner et al., 1995).

A long history in the apraxia literature attributes object misuse errors to impaired “action

semantics”, specifically, impaired knowledge of the manner in which particular objects are

manipulated (De Renzi & Lucchelli, 1994; Heilman, Rothi, & Valenstein, 1982; Morlaas,

1928; Stamenova, Roy, & Black, 2010, see Bouillaud, 1825; Lordat, 1843, for similar

proposals for articulation in aphemia). This comports with accounts of conceptual

knowledge proposing that conceptual information is distributed across the same network of

sensory and motor attribute domains activated when the information was first acquired

(Allport, 1985; Barsalou, 2008; Stamenova et al., 2010; Warrington & McCarthy, 1987;

Warrington & Shallice, 1984; see also Damasio, 1990; Shallice, 1988, but see Garcea,

Dombovy, & Mahon, 2013 and Mizelle & Wheaton, 2010 for different views). In fact,

consistent with a conceptual deficit, many stroke patients with apraxia are deficient in the

recognition of skilled hand-object interactions and object-related hand postures (Buxbaum,

Johnson-Frey, & Bartlett-Williams, 2005; Buxbaum, Kyle, Grossman, & Coslett, 2007;

Buxbaum, Sirigu, Schwartz, & Klatzky, 2003; Buxbaum, 2001; Sirigu et al., 1995, 1996),

and have difficulty learning new object-related gestures (Faglioni, Basso, Botti, Aglioti, &

Saetti, 1990; Rothi & Heilman, 1985). For example, it has been shown that apraxics have

difficulty matching familiar objects with the hand postures appropriate for their use

(Buxbaum et al., 2003), or matching objects based on the similarity of their associated
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functional actions (Buxbaum & Coslett, 1998). In contrast, apraxics perform normally in

producing or recognizing hand postures appropriate for grasping objects based on their

structural properties (shape and size) (Buxbaum et al., 2003).

Object use and object pantomime deficits typically occur after lesions to left inferior parietal

cortex (IPL) (Buxbaum et al., 2007, 2003; Haaland, Harrington, & Knight, 2000; Heilman et

al., 1982; Randerath, Goldenberg, Spijkers, Li, & Hermsdörfer, 2010), although apraxia has

also been observed after lesions in premotor areas, including middle frontal and inferior

frontal gyri (Goldenberg, 2009; Haaland et al., 2000; Heilman et al., 1982). Lesions to left

IPL as well as the posterior middle temporal gyrus (pMTG) also impair the recognition of

familiar object use actions (Kalénine, Buxbaum, & Coslett, 2010). These regions overlap

those that are activated in functional neuroimaging studies of manipulation knowledge (e.g.,

Boronat et al., 2005; Kalénine et al., 2010; Kellenbach, Brett, & Patterson, 2003) and object-

related movements (see Caspers, Zilles, Laird, & Eickhoff, 2010 and Watson, Cardillo et al.,

2013 for meta-analyses).

A relatively understudied issue concerns the mechanisms underlying impaired action

knowledge in apraxics. It has been shown that apraxic patients’ knowledge of object-

associated use-actions (i.e., manipulation knowledge) may be selectively impaired despite

preservation of knowledge of objects’ functional purpose (Buxbaum, Veramonti, &

Schwartz, 2000; Buxbaum & Saffran, 2002). However, based on prior findings, it is not

clear whether use-action knowledge in apraxics is entirely degraded, or whether it is

relatively intact but difficult for apraxics to access. Similar distinctions between

representational access and integrity have been investigated in a range of brain-damaged

patients, including those with blindsight (e.g., Poppel, Held, & Frost, 1973), hemispatial

neglect (e.g., Marshall & Halligan, 1988), aphasia (e.g., Blumstein, Milberg, & Shrier, 1982;

Mirman & Britt, 2014), dyslexia (Colangelo, Stephenson, et al, 2003) and semantic deficits

(e.g., Campanella, Mondani, et al., 2009; Predovan, Gandini, et al., 2013; Reilly, Peelle, et

al., 2011). In a number of these cases, impaired performance in explicit behavioral tasks is

accompanied by relatively intact performance when assessed implicitly. For example, the

performance of patients with neglect or extinction may be influenced by visual stimuli

despite lack of conscious detection (e.g., Ladavas, Paladini, & Cubelli, 1993; di Pellegrino,

Rafal, & Tipper, 2005; Rafal, Ward, & Danziger, 2006; Riddoch, Riveros, & Humphreys,

2011), and Wernicke’s aphasics’ lexical processing can be primed by a semantically related

word despite their poor performance in explicit semantic relatedness judgment tasks

(Blumstein et al., 1982; Milberg & Blumstein, 1981). These findings suggest that

impairment in overt behavioral responses may not reliably assess the status of conceptual

knowledge.

The integrity and accessibility of conceptual knowledge in stroke patients has also been

interpreted on the basis of their performance in conditions of priming or cuing (e.g.,

Auchterlonie, Phillips, & Chertkow, 2002; Brambati, Peters, Belleville, & Joubert, 2012;

Corbett, Jefferies, & Lambon Ralph, 2011; Jefferies, Baker, Doran, & Ralph, 2007;

Jefferies, Patterson, & Lambon Ralph, 2008; Jefferies & Lambon Ralph, 2006; Tyler &

Ostrin, 1994; Warrington & Shallice, 1979). In such cases, improvement with increased

‘retrieval cues’ is often held to indicate that conceptual representations are relatively intact
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but poorly accessible, and absence of cueing effects are taken to indicate the representations

are completely lost (Corbett et al., 2011; Jefferies et al., 2007, 2008; Jefferies & Lambon

Ralph, 2006). As will be described below, we can make use of such hypothesized

distinctions to shed light on the nature of the action knowledge deficit in apraxia. First,

however, we will review relevant studies with healthy participants demonstrating incidental

activation of action information during object processing and modulation of such activations

by retrieval cues.

1.2. Action influences object identification in healthy participants

Several studies with healthy participants have shown that manual action information may be

accessed during object processing even when action is entirely incidental to task demands.

Strong evidence for this claim comes from studies using the “Visual World Paradigm”

(VWP), a paradigm widely used in healthy participants (Huettig & Altmann, 2005, 2007) as

well as patient populations (Kalénine, Mirman, & Buxbaum, 2012; Mirman & Graziano,

2012; Mirman, Yee, Blumstein, & Magnuson, 2011; Myung et al., 2010; Yee, Blumstein, &

Sedivy, 2007). In a typical VWP study, participants’ eye movements are recorded while they

point to or click on an auditorially-cued target picture shown as part of a visual display. A

related distractor (“competitor”) that shares attributes of interest with the target is typically

also displayed, along with unrelated distractor pictures that do not share these attributes

(e.g., Huettig & Altmann, 2005; Mirman & Magnuson, 2009; Yee & Sedivy, 2006). For

example, for a given target object such as ‘typewriter’, the distractors might include an

object sharing action attributes with the target (the related distractor, e.g., ‘piano’) as well as

objects unrelated to the target in action (the unrelated distractor, e.g., ‘couch’; examples

taken from Myung, Blumstein, & Sedivy, 2006). With such paradigms, it has been shown

that participants tend to fixate more on distractors similar to the targets in manipulation

actions than on unrelated distractors (Lee, Middleton, Mirman, Kalénine, & Buxbaum,

2012; Myung, Blumstein, & Sedivy, 2006). As the related and the unrelated distractors in

the same display are typically matched on other critical features (e.g., visual complexity,

familiarity, general semantic similarity, etc.), fixations on the related relative to unrelated

distractors (the “competition effect”) can be used to infer incidental activation of action

information.

Furthermore, it has been shown that incidental access to action information may be ‘primed’

or modulated by several types of cues. For example, in a recent VWP study (Lee et al.,

2012), the activation time course of action information was modulated by provision of an

action verb context (e.g., he “used the ______”), leading to an earlier-emerging competition

effect or faster target detection. Furthermore, target identification is influenced by implicit

action relationships between objects in blocked cyclic paradigms associated with a build-up

of semantic interference (Campanella & Shallice, 2011a, 2011b) as well as during rapid

presentation (Roberts & Humphreys, 2011) and in visual scenes requiring perceptual

integration (Green & Hummel, 2006).

1.3. Incidental activation of use information in apraxic participants?

Recently, Myung and colleagues (2010) used the VWP to implicitly assess the activation

time course of action information in 4 apraxic and 5 non-apraxic stroke patients. Like non-
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apraxic (Myung et al, 2010) and healthy participants (Myung et al. 2006), apraxics fixated

more on action-related than unrelated distractors during target identification. However, they

were slower to look at action-related distractors than were non-apraxics. These results were

taken to suggest that apraxics are deficient in accessing manipulation features of objects.

However, there are several limitations of the study of Myung et al. (2010). First, many of the

related distractor objects shared grasp actions as well as use actions with the targets. For

example, both the target ‘Paper Clip’ and the related distractor ‘Clothespin’ may be picked

up as well as functionally used with a pinch hand posture. Apraxics are typically relatively

unimpaired in producing grasp actions (e.g., Buxbaum & Kalénine, 2010, but see Randerath,

Goldenberg, Spijkers, Li, & Hermsdörfer, 2010 for findings showing apraxic patients can be

more error-prone in grasping when attempting to subsequently use a tool); thus, the fact that

action-related competition effects were present (albeit delayed) in apraxics may have been

driven by the integrity of representations subserving grasping (see Jax & Buxbaum, 2013).

In addition, in the study of Myung et al. (2010) the association of apraxia severity and

delayed onset of the competition effects was suggestive, but not statistically significant (p=.

11), making it difficult to attribute the observed abnormalities in competition effects to the

apraxia, per se. Finally, subjects’ lesion information was unavailable, making it difficult to

exclude the possibility that the delayed competition effects may have been influenced by

lesion volume and thus, overall severity of brain damage.

2. The present study

In view of the outstanding issues, the current study was designed to extend the findings of

Myung et al. (2010) with more refined stimuli, a bigger sample size, and relevant anatomical

and neuropsychological information. Specifically, we used the VWP design previously

tested with healthy participants (Lee et al., 2012) in which target objects shared only use but

not grasp actions with related distractor objects. For example, one such target was a

television remote control, which is picked up and moved with a clench posture, but used

with a poke (we call such objects “conflict” objects because of the conflicting actions

associated with them). The critical related distractor object in this case was a car key fob,

which is picked up and moved with a pinch, but, like the television remote, is used with a

poke. With this design, increased gaze fixations on related distractors as compared to

unrelated distractors can be unambiguously attributed to incidental activation of use

information during target recognition because the target and related distractors share the use

action only and not the grasp action. To provide an additional assessment of whether

apraxics’ impairment with use-action information is due to deficits in representational access

or integrity, we further manipulated the types of context provided. Specifically, we

compared performance in two context conditions: one including an action verb associated

with limb actions (‘S/he used the ....’), and the other containing only a neutral verb (‘S/he

saw the….’). As in previous studies, participants’ task was to identify the picture that

matched an auditory target word by clicking on the picture with a computer mouse (i.e.,

spoken word-to-picture matching).

By comparing eye fixations on a function-based related distractor with fixations on

unrelated distractors, we assessed the time course and degree of activation of function-based
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use-action information, and compared it across the two contexts and across apraxic and non-

apraxic control participants. If apraxics suffer from substantially degraded use-action

knowledge, we expect a substantial reduction in or absence of competition effects, that is, no

significant difference between fixation patterns on related versus unrelated distractors,

regardless of context type. If apraxics’ behavioral deficits are instead mainly due to deficits

in access to use-action knowledge, we expect to see relatively preserved but perhaps later-

emerging competition effects. Moreover, if use knowledge is relatively intact but difficult to

access, we should observe facilitation by an action verb context such as has been

demonstrated in healthy participants (Lee et al., 2012).

Finally, we incorporated lesion information in the analysis of eye tracking data. The lesion

information collected from the stroke patients provides a basis for partialling out the

influence of overall severity of brain injury on the eye movement patterns, which was not

done in the previous study (Myung et al., 2010). We also conducted exploratory lesion

analyses to identify brain regions potentially associated with abnormalities in competition

from function-based related distractors. Based on prior findings (e.g., Barde, Buxbaum, &

Moll, 2007), we expected lesions in the inferior parietal lobe (angular gyrus [AG] and/or

supramarginal gyrus [SMG]) to be associated with reduced and/or slowed function-based

competition effects. However, given that inferior and middle frontal regions have been

associated with skilled action production (e.g., Caspers, Zilles, et al., 2010; Haaland &

Flaherty, 1984), and pMTG has been associated with object-related action knowledge (e.g.,

Kalénine et al., 2010), we also considered the role of these regions in any observed fixation

abnormalities.

3. Methods

3.1. Participants

Twenty post-acute left hemispheric stroke patients participated in this study (12 males). All

participants had unilateral cortical lesions and were right handed prior to stroke. All had

normal or corrected-to-normal vision and were permitted to wear glasses during the eye

tracking session if needed. Participants were recruited from the Moss Rehabilitation

Research Institute research registry (Schwartz, Brecher, Whyte, & Klein, 2005). Participants

over the age of 80 years and/or with histories of co-morbid or pre-morbid neurologic

disorders, alcohol or drug abuse, or psychosis were excluded, as were participants whose

records indicated severe comprehension deficits. All participants gave informed consent to

participate in accordance with the IRB guidelines of the Einstein Healthcare Network and

the University of Pennsylvania School of Medicine, and were paid for their participation.

Neuropsychological data—To assess general language comprehension, participants

performed the comprehension sub-test of the Western Aphasia Battery (WAB; Kertesz,

1982), which assesses responses to yes/no questions, sequential commands, and word-object

matching. Participants also completed a test of ability to produce pantomimed gestures to

the sight of real objects (i.e., without picking up the objects) with the less affected left hand

(Buxbaum, Veramonti, & Schwartz, 2000) and a gesture recognition test (Buxbaum, Kyle,

& Menon, 2005; Kalénine et al., 2010). Trials on the ‘gesture to sight’ task were scored

correct or incorrect on four movement components (hand posture, arm posture, amplitude,
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and timing) by trained, reliable coders who were blind to the study hypotheses (see

Buxbaum et al., 2000, for details of the scoring criteria and reliability information). In the

gesture recognition test, which is comprised of Semantic Gesture Recognition and Spatial

Gesture Recognition subtests, an action word (e.g., ‘‘hammering’’) was presented on a

computer screen and concurrently read aloud by the experimenter, followed by a video of a

person making 2 different gestures sequentially. Participants’ task was to verbally indicate

the gesture that correctly illustrated the action. In the Semantic Gesture Recognition task,

foil gestures were incorrect by virtue of a semantic relationship with the target (e.g., Target:

combing hair; foil: brushing teeth). In the Spatial Gesture Recognition task, foils included a

spatial modification in hand, arm, or amplitude/timing components (e.g., Target: sawing;

foil: correct arm movement and posture with an incorrect ‘‘clawed’’, splay-fingered hand

posture). (see Kalénine et al., 2010 for additional detail). Results are provided in Table 1.

Participant classification—Participants were characterized as apraxic1 if their score on

the gesture-to-sight of objects test fell below a normative cutoff (<79.9% correct) based on

performance 2 standard deviations below the mean of healthy subjects (Buxbaum et al.,

2005; Jax, Buxbaum, & Moll, 2006; Kalénine et al., 2010) (mean score=90.9, SD=5.5). Ten

of the participants scored below the cutoff. Note that in addition to classifying patients as

apraxic or not, gesture-to-sight scores were also used as a continuous variable in the

analyses reported below. Gesture recognition scores were not used to classify subjects;

however, gesture recognition scores were strongly correlated with gesture-to-sight scores

(r(18)=.61, p<.01), consistent with the results of previous investigations (Buxbaum, Kyle, &

Menon, 2005). Two-tailed t tests confirmed that the designated apraxics performed reliably

more poorly than did designated non-apraxics on both gesture-to-sight (t(18)=7.1, p<.001)

and gesture recognition (t(18)=2.5, p<.05) tests.

Across groups, apraxics and non-apraxics were matched for age, education level, WAB

comprehension score, and total lesion volume (p = .8 for age and education, p values ≥ 0.1

for WAB and total lesion volume). Nevertheless, there was a numerical trend toward greater

severity of apraxics in WAB comprehension scores and total lesion volume. In order to

control for these influences, WAB comprehension and Total Lesion Volume were included

in all subsequent analyses as covariates. Demographic, lesion, and apraxia test data are

provided in Table 1.

Imaging data—Structural MRI or CT scans were acquired for all participants. Twelve

participants received MRI scans; nine were high-resolution whole-brain T1-weighted images

(repetition time = 1620 ms, echo time = 3.87 ms, field of view = 192 x 256 mm, 1 x 1 x

1mm voxels) acquired with a Siemens 8-channel head coil on a 3T Siemens Trio scanner.

Due to contraindications for a 3T environment, three subjects received whole-brain T1-

weighted images acquired on a 1.5 T Siemens Sonata with a slice thickness of 1mm using a

standard radio-frequency head coil (repetition time = 3000 ms, echo time = 3.54, field of

view = 24 cm). Eight participants underwent whole-brain CT scans without contrast (60

1As noted earlier, some theoretical perspectives attempt to distinguish ideational and ideomotor apraxia subtypes. However, there is
substantial variability across research groups in the characteristics said to define each type (see Buxbaum, 2001, for review).
Consequently, we use the generic term “apraxia” to describe the patients in this study.
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axial slices, 3–5mm slice thickness) on a 64-slice Siemens SOMATOM Sensation scanner

due to contraindications for MRI. The distributions of imaging types are closely matched

across apraxia designation (non-apraxic: 2 1.5T-MRI, 4 3T-MRI, 4 CT; apraxic: 1 1.5T-

MRI, 5 3T-MRI, 4 CT. One apraxic’s lesion could not be drawn due to a poor quality CT

scan).

For the participants who had received MRI scans, lesions were segmented manually on a 1 x

1 x 1mm T1-weighted structural image. The structural scans were registered to a common

template using a symmetric diffeomorphic registration algorithm (Avants, Schoenemann, &

Gee, 2006; see also http://www.picsl.upenn.edu/ANTS/). This same mapping was then

applied to the lesion maps. To optimize the automated registration, volumes were first

registered to an intermediate template constructed from images acquired on the same

scanner. A single mapping from this intermediate template to the Montreal Neurological

Institute (MNI) space ‘Colin27’ volume (Holmes et al., 1998) was used to complete the

mapping from subject space to MNI space. The final lesion map was quantized to produce a

0 or 1 map, with zeros indicating preserved voxels and ones indicating impaired voxels.

After being warped to MNI space, the manually drawn depictions of the lesions were

inspected by an experienced neurologist (Dr. H. Branch Coslett) who was naive with respect

to the behavioral data.

For participants who had received CTs, lesion maps were drawn by Dr. Coslett directly onto

the Colin27 volume, after rotating (pitch only) the template to approximate the slice plane of

the participant’s scan with MRICron (http://www.cabiatl.com/mricro/mricro/index.html).

For the rest of the participants, however, the individual lesions were visually inspected and

analogue areas marked as lesioned on the template. Good intra- and inter-rater reliability has

been previously demonstrated with this method (Schnur et al., 2009). The lesion coverage

for the 19 participants is presented in Fig. 1.

Two types of exploratory lesion analyses were performed. Whole-brain voxel based lesion

symptom mapping was first carried out using VoxBo (www.voxbo.org) for identifying the

voxels potentially relevant to later peaks of competition effects in the raw eyetracking data.

Based on the results, a region of interest was defined. The association between this ROI and

the overall time course of the competition effect was then assessed with Growth Curve

Analysis. For each participant, the proportion of lesioned voxels within this ROI was used to

predict the overall curve of the competition effect in the “SAW” context. Detailed analysis

protocols are described in the Results section.

3.2. Materials

The materials were identical to those used by Lee et al. (2012), Experiment 2. In brief, the

visual stimuli were arrays of four colored object images. Each array included a target, a

related distractor, and two unrelated distractor images. All target images were conflict

objects involving distinct skilled use and grasp-to-move action gestures (e.g., a TV remote

control). Related distractors shared use, but not grasp action features with their

corresponding targets (e.g., a keyfob). For unrelated items, care was taken to assure that no

unrelated items shared any action features with the corresponding target or the related

distractor. Related and unrelated distractors were matched for their visual similarity with the
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target based on rating scores from 16 healthy subjects. Mean rating scores were 3.1 and 2.9

for related and unrelated distractors respectively; 7 = highly similar, 1 = not at all similar;

two-tailed paired-samples t-test: p = 0.8. Auditory stimuli included the target names (e.g.,

‘the stapler’), two carrier phrases for action verb contexts (e.g., ‘She/He picked up’) and two

for neutral contexts (e.g., ‘She/He saw’), all recorded by a female native speaker of English.

Onset of the target words started 1400ms after the beginning of the sound file.

Twenty-two critical arrays of color images were presented once with an action verb context

(‘s/he used the ….’) and once with a neutral context (‘s/he saw the…’) (see an example in

Fig. 2). In addition, 88 arrays were created as filler trials from the 22 critical arrays

according to the following scheme (also illustrated in Table 2). To make the target images in

the critical trials unpredictable and reduce the prominence of the action verb context, each

critical array was presented on a third trial in the neutral context, but with one of the original

unrelated items as the target (e.g. Filler 1 in Table 2). To make the relation between the

targets and competitors less noticeable and to again reduce the predictability of conflict

objects being the targets, each of the distracter items in the original critical arrays was mixed

with three other new images to form new arrays and served as targets in these new arrays

(e.g. Filler 2–4 in Table 2). Among these new images, two were occurrences of a target from

another critical array (e.g. Corkscrew in Filler 2 and 3 was the target image from another

critical array). Half of these 66 new arrays (e.g. Filler 2–4 in Table 2) were presented with

the neutral context and the other half with the action verb context. Overall, each participant

saw 132 trials, of which 44 were critical trials. Of the 132 trials in total, 77 trials had a

neutral verb context and 55 had an action verb context.

3.3. Apparatus

Gaze position was recorded using an EyeLink 1000 remote (head free) desktop-mount

eyetracker at 250 Hz after the standard nine-point calibration procedure. Eye movement data

were parsed into fixations using the built-in algorithm with default settings. Stimulus

presentations and response recording were conducted by E-Prime software (Psychological

Software Tools, Pittsburgh, PA).

3.4. Procedure

The procedure was identical to Lee et al. (2012), Experiment 2 (illustrated here in Fig. 2).

Participants were seated with their eyes approximately 27 inches from a 17-inch screen

(resolution 1024 x 768 pixels). Each trial started with the participant clicking on a central

fixation cross. Four images were presented simultaneously subsequent to the mouse click;

each image, subtending approximately 3.5° of visual angle, was presented near one of the

screen corners with a maximum size of 200 x 200 pixels. The location of target, related, and

unrelated distracters was randomized on each trial. After a 1 second preview to allow for

initial fixations driven by random factors or visual salience (as opposed to concept

processing), participants heard the auditory stimuli through speakers. They were instructed

to click on the image corresponding to the word at the end of the sentence as fast as possible.

Upon the mouse-click response, the visual array disappeared and was replaced by two text

boxes presented side-by-side on the screen, each containing one verb (‘saw’ or ‘used’).

Participants were instructed to click on the verb mentioned in the sentence they just heard.
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This was to ensure that participants were paying attention to the sentence context during the

experiment. The text boxes disappeared upon participants’ mouse-click response,

terminating the trial. All participants responded with their left unimpaired hand. Prior to the

experiment, participants were given a 30-trial practice session to orient them to the task.

3.5. Eye movement recording and data analysis

Eye movements were recorded from the beginning of each trial until the mouse-click

response on the images. Four areas of interest (AOI) associated with the displayed pictures

were defined as 400x300 pixel quadrants situated in the 4 corners of the computer screen.

Fixations were counted toward each object type (Target, Related distractor, and Unrelated

distractors) when falling into the corresponding AOI. Fixation proportions, the probabilities

of participants looking at each AOI, were calculated for each time frame with the total

number of trials as the denominator to avoid the selection bias introduced by varying trial-

termination times (Mirman, Britt, & Cho, 2012). To reduce noise in the time course

estimates of the fixations and to facilitate statistical model fitting (described in the next

section), statistical analysis was conducted on the averages of every twenty 4ms frames

(every 80ms time bin), a temporal resolution comparable to or better than in previous patient

eyetracking studies (Kalénine et al., 2012; Myung et al., 2010; Yee et al., 2007). Trials for

which participants failed to accurately click on the target pictures were excluded in

subsequent analyses.

With fixation proportions in each time frame as our dependent measure, we aimed to

analyze whether fixation proportion patterns over the time course of target identification

differed between related and unrelated distractors as a function of context verb and/or

patient group. To that end, Growth curve analysis (GCA) with orthogonal polynomials was

used to quantify fixation differences across conditions during target identification (see

Mirman, Dixon, & Magnuson, 2008; Mirman, 2014 for a detailed description of this

approach). Briefly, GCA uses hierarchically related sub-models to capture the data pattern.

The first sub-model, usually called Level 1, captures the effect of time on fixation

proportions using fourth-order orthogonal polynomials. Specifically, the intercept term

reflects average overall fixation proportion, the linear term reflects a monotonic change in

fixation proportion (similar to a linear regression of fixation proportion as a function of

time), the quadratic term reflects the symmetric rise and fall rate around a central inflexion

point, and the cubic and quartic terms similarly reflect the steepness of the curve around

inflexion points and capture additional deflections in the curves. The Level 2 models then, in

incremental order, capture the effects of experimental manipulations (as well as differences

between participants captured by covariates) on the time terms. The specific order used for

each analysis will be described in the Results section. All models were fit using Maximum

Likelihood Estimation and compared with a likelihood ratio test using the -2LL deviance

statistic (minus 2 times the log-likelihood), which is distributed as χ2 with k degrees of

freedom corresponding to the k parameters added. In the current study, step-wise factor-

level comparisons were used to evaluate the overall effects of factors in incremental order.

This model comparison approach provides the most accurate assessment of statistical

significance for fixed effects in such mixed-effect models (Barr, Levy, Scheepers, & Tily,

2013).

Lee et al. Page 10

Neuropsychologia. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4. Results

Both groups were quite accurate in identifying the target images from the visual arrays.

Percentage accuracy for trials with and without related distractors in the neutral and action

verb contexts is provided in Table 3.

Logistic regression analyses were conducted with Accuracy (correct vs. incorrect) as the

dependent variable, Group (apraxic vs. non-apraxic), Trial Type (filler vs. critical trials), and

Context Verb (Action verb vs. Neutral) along with their two way and three way interactions

as predictors, and Total Lesion Volume and WAB comprehension score as covariates.

Results showed reliable effects of WAB comprehension score (p<.001) and Group (p<.001),

with higher WAB score associated with higher accuracy and apraxic group associated with

lower accuracy. These effects, however, did not interact with the effect of Context Verb or

the presence of a related distractor (p values ≥0.09).

4.1. Action-related competition effects

The average fixation proportions to related and unrelated distractors from correct trials were

plotted from the onset of the target words and about 2 seconds onward separately for each

context for each group (Figure 3).

To quantify these results, fixation proportions on distracters from correct trials were

examined using GCA. Specifically, the Level 2 models included as fixed effects, in

incremental order, the covariates: WAB comprehension score, Total Lesion Volume, and

experimental conditions: Action Relatedness (Related vs. Unrelated), Action Relatedness by

WAB comprehension score interaction, Action Relatedness by Total Lesion Volume

interaction, Context Verb (Action verb vs. Neutral), Action Relatedness by Context Verb

interaction, Group (apraxic vs. non-apraxic), Group by Action Relatedness interaction,

Group by Context Verb interaction, and finally Group by Action Relatedness by Context

Verb interaction. The fixed effect of Group captures any overall difference in the fixation

time course across the participant groups. Of greater interest were the interactions with

Group, which would capture differential effects of action relatedness between apraxic and

non-apraxic participants (Group*Action Relatedness interaction) and whether those

differences were modulated by context (Group*Action Relatedness*Context Verb

interaction). Details of the model and model fitting results are provided in Appendix A.

The time window for subsequent statistical analyses was defined such that it clearly included

effects from both groups. Thus, the time window started at 560ms after target name onset,

which was the earliest point at which at least one group’s overall target fixation proportions

(averaged across contexts) exceeded chance level (20%), and ended at 2160ms post target

onset, at which point the distractor fixation proportions (averaged across contexts) for both

groups were below 5%. Note that there are some fixation differences immediately before the

target onset, in particular in the “USED” context in the apraxic groups. To test if these

fixation differences are reliable, we ran the same analysis on the data −160ms before the

target onset and 560ms after the onset (the ‘control’ pre-assessment time window). The

results did not yield any significant Group*Action Relatedness*Context Verb interaction
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(p=0.12), which should eliminate the concern that these fixation differences may be biased

by what participants were fixating before the target word.

The results of model fit comparisons showed reliable effects of Action Relatedness (χ2(5)

=35.58, p<.0001), as well as a significant three-way interaction between Group, Action

Relatedness, and Context Verb (χ2(5) =14.57, p=.01). No other experimental effects were

significant. Follow-up between-group comparisons within the “SAW” context showed a

significant Action Relatedness effect (χ2(5) =18.69, p <.01), which was modulated by an

interaction with the effect of Group (χ2(5) =12.31, p <.05). In the “USED” context, there

was also a reliable Action Relatedness effect (χ2(5) =25.55, p =.0001), which, however, did

not interact with Group (p=0.2).

To summarize, in the neutral context, there was a significant group difference in the time

course of competition effects (fixation of action-related distractors compared to unrelated

distractors). These results do not specify the characteristics of this difference, but visual

inspection of the fixation curves suggested that competition was delayed in the apraxic

relative to the non-apraxic group (Figure 3). However, critically, both groups showed

significant action-relatedness competition effects, providing evidence against the hypothesis

that action representations are entirely degraded in the apraxic group. Interestingly, the

group difference in the competition effect in the neutral context was eliminated in the

“USED” context, suggesting that apraxic participants’ access to use-action information can

be facilitated by lexical semantic information, as was previously observed in healthy

participants (Lee et al, 2012).

To further confirm the link between the observed eye movement effects and apraxics’ deficit

in producing use actions and to relate the fixation patterns to their neuroanatomical

underpinnings, the following analyses examined the effect of apraxia severity and the neural

correlates of the action-related competition effect.

4.2. Differences in action-related competition effect as a function of gesture-to-sight
scores

To confirm that the effects observed above were indeed driven by apraxic participants’

deficit in object-associated skilled-used actions, we tested whether the observed effects in

the “SAW” context could be accounted for by the severity of apraxia. To that end,

participants’ gesture-to-sight scores were added as a continuous variable to a GCA model of

the fixation data in the “SAW” context. The contribution of the gesture-to-sight score was

assessed by starting with a base model that included WAB comprehension scores, Total

Lesion Volume, Action Relatedness (Related vs. Unrelated), Action Relatedness * WAB

comprehension score, Action Relatedness * Total Lesion Volume, and Gesture-to-Sight

score, and adding the interaction term between the Gesture-to-Sight Score and Action

Relatedness. The comparison between the models with and without and interaction term

between the Gesture-to-Sight Score and Action Relatedness captures the degree to which

individual participants’ Gesture-to-Sight scores modulated the fixation pattern differences

between related and unrelated distracters. Details of the model and model fitting results can

be found in Appendix B.
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The results showed that there was a significant difference between the models with and

without the interaction between Gesture-to-Sight Score and Action Relatedness (χ2(5)

=20.94, p<.001), indicating a significant improvement of the model fit due to this interaction

term, which reflects that Gesture-to-Sight Score modulated the effect of Action Relatedness

on distractor fixation proportions. This result corroborates the group effect reported in the

previous section and, importantly, extends it by showing that the effect has a graded relation

to apraxia severity. This effect amplifies a similar non-significant trend reported by Myung

and colleagues (2010).

Having established the association between apraxia severity and delayed action-related

competition effect in the neutral verb context, we now turn to the neuroanatomic correlates

of the observed abnormalities in apraxic participants’ fixation patterns.

4.3. Neural correlates of differences in action-related competition effect

Exploratory VLSM analysis—As a first pass to identify voxels that are potentially

relevant to the delayed competition effect, we used the VoxBo brain imaging package

(www.voxbo.org) to conduct a whole-brain Voxel-Based Lesion Symptom Mapping

(VLSM) analysis that used one-tailed t-tests to compare the peak latencies of action-related

competition effects in participants with or without lesions at each voxel. The behavioral

measure was peak latency of the competition effect in the neutral “SAW” context: the time

point (latency) of the maximum difference between related and unrelated distractor fixation

proportion, derived from the raw fixation data for each participant. Voxels in which fewer

than five participants had a lesion were excluded, leaving 172,490 qualifying voxels in the

analysis. Based on previous findings (e.g., Myung et al., 2010) and the current data, only

voxels associated with slower competition effects were considered. A lenient criterion was

used to define the cortical region of interest, including voxels associated with p values less

than 0.05 uncorrected, with a minimum cluster size of 10 voxels (Knutson et al., 2012;

Knutson et al., 2013; Lieberman & Cunningham, 2009). In total, this procedure identified

310 voxels, including 120 voxels in BA42, 114 voxels in BA22, 38 voxels in BA41, 33

voxels in BA40, and 5 voxels in BA3, distributed in 4 nearly-contiguous clusters in the

posterior superior temporal and inferior parietal lobes (shown in Table 4 and Figure 4). That

these clusters are non-contiguous may reflect that there is a degree of between-subject

variability in the precise coordinates of the regions subserving incidental activation of action

information from viewed objects. (shown in Table 4 and Figure 4). In view of the proximity

of these clusters, we combined these VLSM-derived clusters into a single 310-voxel region

of interest (ROI).

GCA with percent damage—To validate the relation between impairments in this ROI

identified from raw peak fixation data and the continuous time course of the eye movement

competition effect, we conducted the following analysis. Using the same analysis strategy

employed with Gesture-to-Sight scores (above), we examined whether proportional damage

in the neuroanatomic ROI improved the fit of a GCA model of fixation time course.

Specifically, the contribution of percent damage was evaluated by the improvement in

model fit due to adding the interaction term between the percentage damage and Action

Relatedness to a base model that included the covariates WAB comprehension scores, Total
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Lesion Volume, the factors Action Relatedness (Related vs. Unrelated), Action Relatedness *

WAB comprehension score, Action Relatedness * Total Lesion Volume, and percent damage

itself. The results showed that percent damage in this ROI indeed significantly improved

model fit for fixation differences due to action relatedness (χ2(5) =17.66, p<.01), indicating

that the amount of damage in a relatively small posterior superior temporal and inferior

parietal region (over and above total lesion volume and language comprehension severity)

modulated the time course of differences in fixations to action-related as compared to

unrelated distractors. See Appendix C for the details of the model and model fitting results.

5. Discussion

In this study we demonstrated a three-way interaction between effects of Group, Action

Relatedness, and Context Verb when participants with or without apraxia locate a target

object in an array with use-related and unrelated distractors. Specifically, our results showed

that apraxic participants, like non-apraxic stroke patients and healthy participants (Lee et al.,

2012), fixate more on distractors that are related to the target in skilled-use action features

than on unrelated distractors, suggesting that apraxic participants’ skilled-use action

knowledge is not entirely lost. Nonetheless, apraxics differed from non-apraxics in showing

a later emerging competition effect in a neutral context. This suggests that apraxia is

associated with abnormalities in the speed with which action knowledge is activated during

object processing. Moreover, extending the results of Myung et al. (2010), we demonstrated

that these group differences remain even after accounting for patients’ overall severity, as

indexed by lesion volume and comprehension deficits. Furthermore, the magnitude of the

competition abnormalities were reliably predicted by the severity of participants’ deficits on

a clinical apraxia test, gesture-to-sight of objects. Finally, we demonstrated that incidental

activation of skilled-use action information in apraxic participants was facilitated when the

context contained an action verb, “used”. On a number of prominent accounts, cueing

effects have been attributed to deficits in semantic access rather than in the integrity of

semantic representations (for a review, see Mirman & Britt, 2014; for similar arguments, see

Auchterlonie et al., 2002; Brambati et al., 2012; Corbett et al., 2011; Jefferies et al., 2007;

Jefferies et al., 2008; Jefferies & Lambon Ralph, 2006; Tyler & Ostrin, 1994; Warrington &

Shallice, 1979). On such accounts, the delayed availability of use action information in the

neutral “SAW” context and the normalization of performance in the “USED” context are

consistent with a deficit in access to object use representations.

Our finding that the degree of apraxia on an explicit clinical test is predictive of degree of

abnormality in incidental activation of object-related action has implications for ‘grounded’

theories of cognition. These results indicate that spatiomotor deficits and lesions to brain

regions encoding complex object-related spatiomotor actions can affect object concepts. In

addition, the results suggest that under the real-time constraints of naturalistic action,

apraxics’ slowed activation of action knowledge may contribute to apraxic errors. Moreover,

the finding that apraxics’ access to skilled-use action information can be primed suggests

that future emphasis should be placed on understanding the role of context in the activation

of action-related information from objects. We will now expand on each of these points in

turn.
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5.1. Apraxia and temporal-parietal lesions modulate the activation of object-associated
action information

The apraxia literature contains numerous accounts of the underlying deficit in apraxia.

Classic accounts describe ideational apraxia as an “agnosia of usage”; that is, a

circumscribed deficit in knowledge of action characterized by substitutions, omissions, and

reversals in naturalistic tasks such as coffee-making (Morlaas, 1928; Renzi & Lucchelli,

1988). Ideomotor apraxia, in contrast, has been characterized by spatio-temporal and

postural errors in single object-use and imitation tasks, reflecting putative damage to stored

“space-time-form” representations of object use movements (Geschwind, 1975; Heilman &

Rothi, 1993; Liepmann, 1905). In practice, the characteristics traditionally used to define

these two putative subtypes frequently co-occur. Reflecting this, apraxia in the present study

was characterized based on postural and dynamic (amplitude/timing) errors on a test of

gesture to the sight of objects, frequently associated with ideomotor apraxia. Our findings

demonstrated that performance on this apraxia test is reliably correlated with a measure of

the incidental activation of action information from viewed objects. Thus, consistent with

previous suggestions (e.g., Buxbaum, Kyle, & Menon, 2005), “knowledge” of object-related

actions is associated with the ability to perform these actions. This is a substantial

refinement of the classic account of apraxia as an “agnosia of usage” (Morlaas, 1928).

In this study, patients’ lesion information was obtained with different imaging methods due

to contraindications to the MR environment for some patients. Although the distributions of

imaging types did not differ by apraxia designation (see page 16 for more detailed

information) and therefore should not bias our results, these method differences may have

introduced noise in both the segmentation and analysis of the lesions, and may have

weakened our chances of observing statistically significant results.

Nevertheless, our exploratory lesion analyses suggested a relationship between the amount

of damage to several circumscribed clusters of voxels in the left parietal and temporal

cortices, on the one hand, and latency of manipulation activation, on the other, even after

controlling for stroke severity and overall lesion volume. These clusters are localized within

brain regions with a recognized role in action processing. Together, posterior temporal and

inferior parietal cortex, including left posterior middle and superior temporal gyrus and

supramarginal gyrus, form one of the major regions consistently activated in studies

requiring access to conceptual representations of action (see Watson, Cardillo, Ianni, &

Chatterjee, 2013 for a meta-analysis). Superior temporal cortical regions have been shown to

be active during processing of biological motions (Giese & Poggio, 2003; Puce & Perrett,

2003), object-directed actions (James, VanDerKlok, Stevenson, & James, 2011), and

moving objects in interactions that appear to be causal or intentional (Blakemore et al.,

2003; Castelli, Happé, Frith, & Frith, 2000; Schultz, Friston, O’Doherty, Wolpert, & Frith,

2005). The left posterior superior temporal cortex has also been shown to be active during

semantic judgments about action words relative to object words and is considered critical in

representing abstract aspects of action concepts that are accessible by language (Chatterjee,

2008; Kable, Kan, Wilson, Thompson-Schill, & Chatterjee, 2005). In addition, lateral

temporal cortex has also been shown to be critical in understanding thematic roles in action

events (Wu, Waller, & Chatterjee, 2007). The left IPL is also an important locus of object-
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related action representations (e.g., Boronat et al., 2005; Buxbaum, Kyle, Tang, & Detre,

2006; Ishibashi, Lambon Ralph, Saito, & Pobric, 2011; Goldenberg & Spatt, 2009;

Kellenbach et al., 2003; Vingerhoets, Acke, Vandemaele, & Achten, 2009). A number of

studies have demonstrated that the supramarginal gyrus (SMG, BA40) mediates hand

postures appropriate for functional tool use (e.g., Bach, Peelen, & Tipper, 2010; Pelgrims,

Olivier, & Andres, 2011). Peeters, Orban & Rizzolatti (2013) recently demonstrated that the

SMG is activated not only by tool-use actions, but also by hand actions performed with the

same kinematics as a tool (e.g., movement of the hand in a “raking” action), suggesting that

this region processes dynamic information to plan moving a tool to obtain an intended result.

The results of the present study suggest that temporal-parietal regions are recruited, as well,

in incidental activation of action information when objects are processed semantically, even

when such processing is task-irrelevant. However, our sample of participants was admittedly

small for a robust analysis of neuroanatomic correlates of the observed behavioral effects,

and future studies should attempt to replicate and extend these findings with a larger sample

size.

The observed delays in incidental activation of action during object processing in temporal-

parietal apraxia has important implications for ‘grounded’ theories of cognition. Grounded

cognition theories suggest that retrieving a concept involves activation of the sensory or

motor attributes associated with the concept (Bischoff et al., 2012). These theories have

been supported by findings that show activation of action-related brain regions during

processing of manipulable artifacts (Chao & Martin, 2000; Martin, Wiggs, Ungerleider, &

Haxby, 1996) or verbs (e.g., Pulvermüller, 2005; Sakreida, Scorolli, Menz, Heim, & Borghi,

2013; Tettamanti et al., 2011). Given that activations in functional neuroimaging studies

may be epiphenomenal to conceptual processing, important converging evidence for

‘groundedness’ comes from recent demonstrations that performance of an irrelevant action

task may interfere specifically with tool identification (Witt, Kemmerer, Linkenauger, &

Culham, 2010; Yee, Chrysikou, Hoffman, & Thompson-Schill, 2013), and that tactile or

proprioceptive stimulation to the hands facilitates conceptual processing of small,

manipulable objects (but not larger objects) relative to control stimulation. The present

findings of a graded relationship between apraxia severity and incidental action information

during object processing add to the body of evidence suggesting that manipulable objects are

represented in part in terms of the actions that are associated with them.

It is likely that a critical component of incidental activation of action information from

objects may be the ability to generate motor imagery (i.e., action simulation) (e.g., Frak,

Nazir, Goyette, Cohen, & Jeannerod, 2010; Jeannerod, 2001). Action simulation has been

widely proposed to underlie action recognition (e.g., Grafton, 2009; Griffiths & Tipper,

2012; Tidoni, Borgomaneri, Pellegrino, & Avenanti, 2013) and processing of action verbs

(e.g., Borghi & Scorolli, 2009; Springer, Huttenlocher, & Prinz, 2012). Simulation has also

been proposed to play a role in object processing (Tipper, Paul, & Hayes, 2006). Apraxics

are deficient in generating internal representations of action, and rely abnormally upon

visual feedback (Buxbaum et al., 2005; Haaland et al., 2000; Jax et al., 2006). Moreover,

lesions in the IPL are associated with a deficit in this motor simulation capacity (Buxbaum

et al., 2005; Sirigu et al., 1996). In keeping with these findings, both the behavioral and

neuroanatomic data from the present study are consistent with the proposal that manipulable
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object representations are grounded in sensorimotor capacity, and that spatiomotor deficits

(and temporal-parietal lesions) may causally affect object representations.

The association of apraxic errors on a clinical task, damage to brain regions known to

mediate object use, and delayed incidental activation of specific hand posture information

when objects are viewed speak against a recent account suggesting that tool manipulation

knowledge is not stored, but rather recreated de novo each time a tool is encountered based

on “technical reasoning”. On this account, apraxia results from “difficulties in identifying

(distinction) and unifying (sequenciation) the technical means (dense, permeable, resistant,

etc.) relevant for a given technical end (cutting, engraving, etc.)” (Jarry, Osiurak, et al.

2013). On such an account, the present results, along with data showing that some apraxics

can rapidly activate grasp hand postures required to move objects, but not use hand postures

(Jax & Buxbaum, 2013), would require that only use hand postures (and not grasp hand

postures) are slowed as a result of slowed technical means-end reasoning. Moreover, this

account would require that defective technical means-end reasoning is incidentally (and

rapidly) attempted on-line even in tasks (such as word-picture matching) in which it is

entirely irrelevant. The more parsimonious account is simply that task-irrelevant simulations

of skilled object use are slowed. However, it is also important to note that the two accounts

are not mutually exclusive; that is, the complex syndrome of apraxia may indeed reflect

varying degrees of deficit in technical reasoning, along with deficits in rapid activation of

stored object-use information. Just as there is not a single subtype of aphasia, it is possible

that there are distinct apraxia subtypes in which stored versus “on-line” processes make

differing contributions. Future studies would benefit from moving beyond the claim that

apraxia can be reduced to a single deficit, instead considering the contribution of carefully-

defined deficits as a function of lesion location and pattern of apraxia performance.

5.2. An action verb context may facilitate apraxics’ retrieval of action information

Our results indicate that although apraxic participants showed delayed action competition

effects in the neutral verb “SAW” context, their eye-fixation competition effects were

statistically equivalent to those of non-apraxic control participants with provision of the

action verb “USED”. This suggests a facilitative role of action verb context in apraxics’

action retrieval. As noted earlier, neurologically intact participants performing the present

experimental task also showed reliable facilitation of action information in the “USED”

context (Lee et al., 2012). Additionally, we previously demonstrated in similar eyetracking

studies with neurologically intact participants that provision of a sentential context (e.g., “he

wanted to prepare breakfast”) drives eyegaze to goal-related related distractor objects (e.g.,

coffeemaker) (Kalénine, Mirman, Middleton, & Buxbaum, 2012). These findings echo those

of other investigators (e.g., Schuil, Smits, & Zwaan, 2013) in suggesting that activation of

action information may be modulated by context.

The present data raise the question of the degree to which modulation of action information

by verbs may be of therapeutic benefit to individuals with apraxia. In both clinical and

research contexts, apraxics are not infrequently asked to “show how to use that [object]”, to

little benefit. Previous investigations indicate that verb processing is associated with motor

and premotor activation (e.g., Buccino et al., 2005; Hauk, Johnsrude, & Pulvermüller, 2004).
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We have suggested previously (Lee et al., 2012) that the enhanced competition effects we

observed in the “USED” context may occur through the mediation of these regions. It is

possible that the motor resonance from the verb phrase observed in the present study (e.g.,

“used the stapler”) is sufficient to influence attention and eye movements, but not sufficient

to drive the motor system with the strength or specificity necessary to facilitate manual

action programming (c.f. Jeannerod, 2001 for discussion of the relation between simulation

and overt actions). In view of this, future emphasis in apraxia rehabilitation should be placed

on facilitating the motor activation that occurs when objects are viewed, perhaps by

strengthening linkages between object-related action and other contextual information, such

as the verbs, people, places, and sounds associated with these actions (see Smania, Aglioti,

et al., 2006).

6. Conclusion

The present study has demonstrated that patients with deficient performance on tests of

pantomime to the sight of objects show abnormalities in the robustness with which action

information is incidentally activated when manipulable objects are viewed. Nevertheless,

activation of action information was responsive to a cueing manipulation, suggesting that the

impairment is similar to those that have been described as an “access” deficit. Moreover, we

showed that these deficits cannot be attributed to overall severity or to language

comprehension impairments. On the other hand, we provided evidence that the deficits are

associated with proportion damage to a region in the posterior superior temporal and inferior

parietal lobes. Because deficits in pantomime and on tests of gesture recognition are

correlated, the participants are likely to be impaired in both conceptual and production-

related aspects of object-related action, as is the case with many patients with left

hemisphere stroke. In future investigations it will be of interest to assess whether deficient

incidental access to action information is evident in patients for whom traditional explicit

measures of gesture knowledge, such as gesture recognition, are completely normal, or

whether the incidental-access deficit is reserved for apraxic patients in whom traditionally-

assessed gesture knowledge is impaired.
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Appendix Growth curve analysis

Model structures

The base model shows the complete set of time terms and random effects. The subsequent

comparison models show the incrementally added fixed effects where “Time” stands for the

complete set of time terms up to the quartic term and “*” is compact notation indicating the

complete set of main effects and interactions. The base model random effects were kept

constant for all subsequent comparison models. For each model, the incrementally added

terms are underlined.

Note: T1: linear time term; T2: Quadratic time term; T3: Cubic time term; T4: Quartic time

term; WAB: WAB comprehension score; LV: Total Lesion Volume; Sub: subject; VC: Verb

Context; AR: Action Relation; Group: Patient Group; G2S: Gesture-to-Sight score; PD:

Percent Damage

Model fitting results

Parameter estimates for the full model and results of the χ2 tests for the improvement in

model fit due to adding each term to the model.

A. Action competition effect

Model structures

Base model: Fixation ~ (T1+T2+T3+T4)+( T1+T2|Sub*VC*AR)+( T1+T2+T3+T4|Sub)

Model2.1: (Time)* (WAB)

Model2.2: (Time)*(LV+WAB)

Model2.3: (Time)*(AR+LV+WAB)

Model2.4: (Time)*(AR*LV+WAB)

Model2.5: (Time)*(AR*WAB+AR*LV)

Model2.6: (Time)*(VC+AR*WAB+AR*LV)

Model2.7: (Time)*(AR*VC+AR*WAB+AR*LV)

Model2.8: (Time)*(Group+AR*VC+AR*WAB+AR*LV)

Model2.9: (Time)*(Group*AR+AR*VC+AR*WAB+AR*LV)

Model2.10: (Time)*(Group*VC+Group*AR+AR*VC+AR*WAB+AR*LV)

Model2.11: (Time)*(Group*AR*VC+AR*WAB+AR*LV)
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Model fitting results

Intercept Linear Quadratic Cubic Quartic χ2 df p

WAB 0.0000 (0.00) −0.0916 (0.11) 0.0298 (0.1) 0.1187 (0.04) 0.0667 (0.04) 13.38 5 0.0201

LV 0.0000 (0.00) −0.0837 (0.03) −0.0021 (0.03) −0.0155 (0.03) −0.0023 (0.01) 0.00 5 1.0000

AR −0.2912 (0.09) 0.0292 (0.02) −0.0098 (0.01) 0.0000 (0.00) 0.0422 (0.02) 35.58 5 0.0000

AR*WAB 0.027 (0.07) −0.0547 (0.07) −0.04 (0.07) 0.0395 (0.02) 0.0000 (0.00) 27.13 5 0.0001

AR*LV 0.0613 (0.08) 0.0354 (0.08) 0.0276 (0.07) −0.0523 (0.02) 0.0000 (0.00) 1.56 5 0.9055

VC −0.3467 (0.2) 0.0381 (0.18) 0.1069 (0.08) −0.0582 (0.07) −0.0211 (0.02) 4.21 5 0.5198

AR*VC 0.0272 (0.09) −0.0131 (0.02) 0.0042 (0.01) 0.0000 (0.00) 0.0209 (0.02) 6.44 5 0.2656

Group 0.0019 (0.05) −0.0011 (0.01) −0.0211 (0.01) 0.0000 (0.00) −0.0141 (0.02) 8.58 5 0.1269

Group*AR 0.458 (0.25) −0.047 (0.05) 0.0162 (0.02) 0.0000 (0.00) −0.0099 (0.06) 8.29 5 0.1411

Group*VC −0.011 (0.02) 0.0033 (0.02) 0.0029 (0.00) 0.0000 (0.00) 0.0545 (0.06) 8.07 5 0.1523

Group*AR*VC −0.4263 (0.23) 0.0287 (0.05) 0.0021 (0.02) 0.0000 (0.00) −0.0226 (0.02) 14.57 5 0.0124

B. Gesture-to-Sight scores and action competition effects in the “SAW” context Model
structures

Base model: Fixation ~ (T1+T2+T3+T4)*(AR*WAB+AR*LV) +( T1+T2|Sub*VC*AR)+

( T1+T2+T3+T4|Sub)

Model2.1: (Time)* (G2S+AR*WAB+ AR*LV)

Model2.2: (Time)* (G2S*AR+G2S+AR*WAB+ AR*LV)

Model fitting results

Intercept Linear Quadratic Cubic Quartic χ2 df p

G2S 0.0005 (0.00) −0.0006 (0.00) 0.0008 (0.00) −0.0007 (0.00) −0.0004 (0.00) 5.13 5 0.4005

G2S*AR 0.0000 (0.00) −0.0017 (0.00) −0.0021 (0.00) 0.0029 (0.00) 0.0021 (0.00) 20.94 5 0.0008

C. Percentage damage and action competition effects in the “SAW” context Model
structures

Base model: Fixation ~ (T1+T2+T3+T4)*(AR*WAB+AR*LV) +( T1+T2|Sub*VC*AR)+

( T1+T2+T3+T4|Sub)

Model2.1: (Time)* (PD+AR*WAB+ AR*LV)

Model2.2: (Time)* (PD*AR+PD+AR*WAB+ AR*LV)

Model fitting results

Intercept Linear Quadratic Cubic Quartic χ2 df p

PD 0.0384 (0.03) −0.0217 (0.1) 0.0101 (0.07) −0.0288 (0.05) 0.0474 (0.04) 0.00 25 1.0000
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Intercept Linear Quadratic Cubic Quartic χ2 df p

PD*AR −0.0227 (0.02) 0.2156 (0.11) −0.1887 (0.09) −0.0477 (0.04) −0.1214 (0.04) 5.18 5 0.3945
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Highlights

• Apraxics show slowed incidental access to use-action knowledge during object

processing.

• Lower apraxia scores predict slower access to use-action knowledge.

• Larger lesions in IPL and pSTG predict slower access to use-action knowledge.

• Context containing an action verb facilitates apraxics' access to action

knowledge.

• These data substantially refine accounts of action semantics deficits in apraxia.
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Figure 1.
Lesion overlap of 19 participants whose structural MRI or CT scans were available. Color

bar indicates the number of participants with a lesion in the region that is colored.
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Figure 2.
Procedure used in each trial. The display presents the target object (e.g., TV remote control),

a related distractor (e.g., car key fob), and two unrelated distractors (e.g., rug and

magnifying glass). The auditory stimuli starts after a 1,000ms preview of the display and the

target word occurs at approximately 1400ms after the onset of the sentence. The location of

target, related, and unrelated distracters was randomized on each trial. The arrows indicate

the expected responses to the trial.
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Figure 3.
Fixation proportion data for related distractors (dashed line) and unrelated distracters (solid

line) are plotted for non-apraxic participants (upper panels) and apraxic participants (lower

panels) in the neutral “SAW” context on the left and the action verb “USED” context on the

right. Ribbons around the data lines show standard errors.
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Figure 4.
Exploratory VLSM statistical t map overlaid on a MNI brain. Regions associated with

differences in peak latency with related versus unrelated distractors (the “competition

effect”) in the neutral context are shown in warm colors, thresholded at p < 0.05,

uncorrected (t > 1.74).
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