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Abstract 

Pantomime of tool use is typically affected in neurological patients with apraxia, while at the same time 

these patients are able to perform the use of the actual tool with less or no errors. This discrepancy is 

commonly explained by differences in afferent input, in particular a lack of visual online feedback from the 

object in pantomime. The present study investigated the role of visual feedback in apraxia of pantomime by 

testing neurological patients with apraxia and healthy controls in a task requiring the pantomime of tool use 

as well as real tool use. Visual feedback was systematically removed at different phases of the action using 

shutter glasses that were controlled online based on real-time motion-capturing. Data analyses revealed more 

errors in pantomime than in real tool use. These differences were similar in patients as well as in controls. 

Removal of visual feedback did not affect apractic errors specifically; it neither increased patients’ apractic 

errors during pantomime of tool use nor transformed the patients’ normal movements with a real tool into 

movements with apractic errors. Our findings contradict the hypothesis that apraxia patients pathologically 

over-rely on visual feedback. Instead, we propose that pantomime of tool use requires cognitive processes 

that are not necessary for real tool use and independent of visual online feedback.  
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Introduction 

Apraxia is a common behavioural consequence of vascular or neurodegenerative defects primarily to the left 

hemisphere. It is defined as a disorder of higher skilled movements not caused by primary motor or sensory 

disturbances (Heilman & Rothi, 1993). Patients with apraxia struggle in different action-related tasks, as for 

example pantomime of tool use (Liepmann, 1908; Clark et al., 1994; Goldenberg & Hagmann, 1998; 

Goldenberg et al., 2003; Bartolo et al., 2007; Goldenberg, 2007; Jarry et al., 2013), imitation and execution 

of meaningful or meaningless gestures (Liepmann, 1908; De Renzi et al., 1980; Goldenberg, 1996; 

Goldenberg et al, 2009; Rumiati et al., 2009; Mengotti et al., 2015), motor imagery (Ochipa et al., 1997; 

Buxbaum et al., 2005), or mechanical reasoning (Goldenberg & Hagmann, 1998; Baumard et al., 2014) (for 

reviews see Wheaton & Hallett, 2007; Goldenberg, 2011). Surprisingly, patients with apraxia of pantomime 

(hereinafter simply referred to as ‘apraxia’) often fail to pantomime the use of a tool, i.e. to imitate grip, 

body posture, and movements as if they held and use the tool, but are at the same time able to actually use 

the real tool with less or no errors (De Renzi et al., 1982; Rapcsak et al., 1995; Goldenberg & Hagmann, 

1998; Graham et al., 1999; Wada et al., 1999; Lausberg et al., 2003; Goldenberg et al., 2004; Laimgruber et 

al., 2005). This discrepancy is commonly explained by differences in afferent input (e.g. Liepmann, 1912; 

Haaland et al., 1999; Wada et al., 1999; Jax et al. 2006; Binkofski & Buxbaum, 2013; Jax et al., 2014). 

Holding an actual tool offers both visual and tactile feedback that can assist to guide the action. In contrast, 

these inputs are not available when pantomiming the same action.  

Several studies underlined the role of visual feedback for apractic errors. When performing simple 

aiming movements, apractic patients achieved similar spatial and temporal precision compared to healthy 

controls when full visual feedback was available (Haaland et al., 1999). Withdrawal of visual feedback 

resulted in spatial errors that were larger in apractic compared to non-apractic left-brain damaged patients. 

Moreover, apractic patients were found to be significantly more affected in imitation tasks if visual feedback 

was completely removed immediately after presentation of a video-taped action to be imitated (Jax et al. 

2006). Further, Jax et al. (2014) successfully predicted severity of apraxia in pantomime from performance 

in a test for intrinsic coordinate control (i.e. coordinate control relative to the own body) in meaningless 

imitation in a blindfolded condition, but not in a condition with visual feedback. 



 

 4

These and other findings (Buxbaum et al., 2005; Dawson et al., 2010) led to the hypothesis that 

apractic patients pathologically over-rely on visual feedback to compensate deficits in motor planning or 

execution (Haaland et al., 1999; Jax et al., 2006; Binkofski & Buxbaum, 2013; Jax et al., 2014). 

Alternatively, others hypothesized that defective pantomime does not rely on the same cognitive motor 

programs as real action (Laimgruber et al., 2005; Goldenberg, 2014). Improved performance of real versus 

pantomimed tool use in apraxia thus would arise from a fundamental distinction of processes underlying 

both skills. 

To decide between the two hypotheses it may help to clarify further the impact of visual feedback on 

apraxia of pantomime. Hitherto, previous studies only varied complete presence versus complete absence of 

visual feedback for the whole movement. However, object-related movements consist of conceptually and 

temporally different components, such as a transportation and a manipulation phase (Jeannerod, 1981). It is 

unclear, for which movement component visual feedback might play a role in apraxia. The aim of the 

present study thus was to systematically remove visual input in different phases of an action. If over-reliance 

on visual feedback for online control is the cause for apractic errors (Haaland et al., 1999; Jax et al., 2005; 

Binkofski & Buxbaum, 2013; Jax et al., 2014), variation of visual feedback should specifically affect 

apractic patients, at least in critical phases of the movement process. Further, patients’ apractic errors in real 

tool use should converge towards errors in pantomime if visual feedback is removed in such phases of the 

movement. In order to manipulate visual feedback systematically during the movement we implemented an 

online motion capturing interface to identify specific time points of the movement, at which shutter glasses 

could be closed in real-time. 

 

Methods 

Subjects and neuropsychological assessment 

Neurological patients at the University Clinic Tübingen were systematically screened for deficits in 

pantomime of object use. Apraxia in pantomime was tested with a 20-item test (Goldenberg et al., 2003; 

Goldenberg et al., 2007) in which patients had to pantomime the use of everyday objects as if they actually 

held the object in their left (non-paretic) hand. The task was instructed both verbally and by showing 
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pictures of the objects. The testing procedure was recorded on video and rated offline by consensus of two 

experienced experimenters. For each item, one point could be scored for the correct grip position and one to 

three points for further aspects as for example amplitude of movement, trajectory, or hand position in 

relation to the own body. Maximal score was 55 points; the cutoff for apraxia was <45 (Goldenberg et al., 

2007). Moreover, for a demographic and clinical overview, patients were tested for apractic deficits in 

imitation of meaningless hand and finger gestures (Goldenberg, 1996) and were screened for aphasia 

(Weniger, 2006). 

Fourteen neurological patients showing deficits in pantomime of tool use were recruited; four 

dropped out later. In one patient, online control via VICON-MATLAB interface was not working. The other 

three patients were not able to perform the experimental task due to cognitive or general impairment; one 

fell asleep during testing. The remaining ten patients (mean age = 65.9 years, SD = 7.6; see Table 1) were all 

below the cutoff for apraxia in pantomime of tool use (mean = 37.2 points, SD = 6.9). Seven patients 

suffered from neurodegenerative diseases; three from left hemisphere stroke (Fig. 1). All three stroke 

patients also suffered from aphasia, while aphasic disturbances in the neurodegenerative patients were either 

minimal or not present at all. However, in all ten patients, comprehension was sufficient to follow all 

instructions. All patients were right-handed. No patient had motor deficits of the upper extremities according 

to clinical neurological examination, except for patient 10 who suffered from a mild residual hemiparesis of 

the right, but not the left upper extremity. 

A group of ten healthy, age-matched control subjects (mean age = 64.0 years, SD = 4.6) without 

neurological or motor deficits was recruited. The study was approved by the local ethical committee and all 

participants gave informed consent to participate in our study, which was performed according to the ethical 

standards laid down in the 1964 Declaration of Helsinki.  

 

[Table 1 near here] 

[Figure 1 near here] 

 

Motion capturing 
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Movements were recorded with a VICON MX-Series motion capturing system using 10 infrared cameras. 

Twelve spherical reflective markers were attached to the subject´s left upper extremity and upper body using 

a custom marker setup, including markers attached to the tips of the thumb and index finger, back of the 

hand, and two markers on the wrist (Fig. 2A,B). The VICON system captured motion with a sample rate of 

100Hz. VICON Nexus Software (http://www.vicon.com/products/software/nexus) was used both for online 

recording and offline post-processing, which included interpolation of eventual short gaps in the trajectories 

and smoothing by a Butterworth filter. 

 

[Figure 2 near here] 

 

Experimental Procedure 

Aim of the experiment was to investigate the influence of visual feedback on real object use versus its 

corresponding pantomime in different movement stages. Subjects thus performed an object-related action 

while visual feedback was systematically removed at well-defined points of the movement by using shutter 

glasses. In detail, subjects were seated at a table that had two squared patches attached on its top (Fig. 2A). 

To guarantee comparability of movements between trials and conditions, both patches were located at fixed 

positions and subjects were instructed to use the patches as start and target points of their movements. We 

used “drinking from a glass” as the action to be performed in the experiment, as the movement had proven 

to be reliably traceable with online-motion capturing in pre-tests both in real object use as well as in 

pantomime. The subjects were instructed to use their left hand and placed it prior to the movement on the 

left ‘start’ patch. In real object use, an empty glass (diameter = 5.2 cm; height = 15.5 cm) was placed on the 

second ‘target’ patch that was placed to the right of the start patch and further away from the patient. After 

an auditory starting cue, subjects had to grasp the glass, move it towards their mouth to ‘drink’ from it, put 

the glass back to the target patch and move their hand back to the initial position on the start patch. In the 

pantomime condition, subjects had to perform the same movement; however, no real glass was present on 

the target patch. Instead, subjects were instructed to pantomime the action as if there was a glass present. If 

the subject performed sequential errors, the experimenter pointed them out and, if necessary, re-instructed 
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the subject. Real object use and pantomime were alternated in a block design of at least four blocks each. All 

subjects started with the pantomime condition.  

Visual online feedback was experimentally manipulated with PLATO shutter glasses 

(www.translucent.ca/products/plato-visual-occlusion-spectacles/) that are capable to remove visual input in 

less than 4ms after a trigger signal. To control the shutter glasses, we implemented an online interface 

between MATLAB and the VICON Nexus recording software. A Cartesian coordinate system defined by 

the two patches and the position of the marker placed on the back of the hand was used to identify specific 

time points of the movement, at which the shutter glasses could be closed in real-time.  

Each experimental block consisted of six trials with different visual feedback conditions. Between 

trials, the spectacles were open and closed shortly before the next trial started. In condition 1, (1; Fig. 2C) 

visual feedback was completely removed from the trial as the shutter glasses were not opened again. In the 

other conditions, the glasses were opened again after a trial started but were closed again right after 

movement initiation (2; Fig. 2C), after half of the movement from start to the target glass (3; Fig. 2C), when 

the hand reached the target (4; Fig. 2C), after half of the movement from the target towards the mouth (5; 

Fig. 2C), or the shutter glasses were not closed at all, thus granting visual feedback for the complete trial (6; 

Fig. 2C). The first trial of each block was with full visual feedback, while the other five conditions followed 

in a pseudo-randomized order. Each subject performed at least eight experimental blocks with six trials 

each, summing up to at least 48 trials per subject, and 1022 trials in total. 

 

Data Analysis 

For a first qualitative analysis of movements the experiment was recorded on video and rated by one of two 

independent raters who were blind to the study's hypotheses and not part of the research team. Grip 

configuration and movement precision before and after grasp (variables ‘pre_grasp’ and ‘post_grasp’), and 

movement fluidity in general, i.e. the quality of the movement being smooth and continuous (variable 

‘fluidity’), were rated binary as either ‘correct’ or ‘defective’. To evaluate inter-rater reliability, the 

performance of six subjects (3 apractic patients, 3 controls; altogether 336 trials) was assessed by both 

raters. 
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For a more detailed, quantitative kinematic analysis motion capture data were exported to MATLAB 

using the C3Dserver Toolbox (www.c3d.org/appmatlab.html). Further analysis was performed with custom 

MATLAB scripts. The analysis comprised three steps. First (i), we focussed on the grip aperture, measured 

as the distance between the markers placed on the index finger and thumb, the velocity, based on the marker 

on the back of the hand, and the final distance of the index finger to the table at the time-point of grasping 

(index table distance). More specifically, we calculated the maximum grip aperture (MGA) as well as the 

curvature ratio of the grip aperture (CR_GA), defined as the maximum deviation of the grip aperture from  

the straight line between the grip aperture value at start and the grip aperture value at the moment of 

grasping (Atkeson & Hollerbach, 1985; Sergio & Scott, 1998). The velocity profile was characterized by the 

peak velocity (pVEL) during grasping, the time of the peak velocity (time_pVEL), and the duration of the 

complete movement from start to drink (DUR). For each of these six parameters we conducted a repeated 

measures ANOVA with the between subject factor ‘group’ (2 levels: patient vs. control) and the within 

subject factors ‘modality’ (2 levels: real vs. pantomimed glass use) and ‘visual feedback’ (4 levels: none, 

until movement initiation, until half of the grasping movement, complete visual feedback until grasp). Note 

that visual feedback was manipulated across six levels (Fig. 2), however two levels included closing the 

shutter glasses after the grasp, i.e. after the critical stage for the variables in this analysis. Therefore, these 

two levels of visual feedback were also included into the fourth factor level (complete visual feedback until 

grasp). Further, to compare the directions of change from real to pantomimed (real vs. panto) glass usage 

and from natural glass usage to glass use without visual feedback (VF+ vs. VF-; present vs. absent visual 

feedback), we calculated for each parameter the two ratios:  

RVF-_vs._VF+ = paramVF- / paramVF+ – 1 and 

 Rpanto_vs._real = parampanto / paramreal – 1. 

Second (ii), we evaluated the arm configuration at the time of grasp. This configuration was 

characterized by eight angles: elevation and azimuth of the hand, forearm, and upper arm, as well as the 

elbow angle, and the orientation of the hand with respect to the table (see Fig. 3 for an exemplary illustration 

of the azimuth and elevation angles for the forearm). Again, we performed repeated measures ANOVAs for 

each angle with the between subject factor ‘group’ and the within subject factors ‘modality’ and ‘visual 
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feedback’ as described above. 

 [Figure 3 near here] 

 

As third (iii) line of quantitative kinematic analyses we investigated the arm configuration, 

characterized by the eight angles described above, at the time point of drinking. Repeated measure 

ANOVAs with the factors ‘group’ and ‘modality’ were conducted as mentioned above but the factor visual 

feedback now had 6 levels (none, until movement initiation, until half of the grasping movement, until 

grasp, until half way to the mouth, complete visual feedback). Due to technical problems the shutter glasses 

did not close appropriately at the time points “at grasp” and “half way to the mouth” in two patients (P1 and 

P10) and one control subject (C8). These three participants were excluded from the analysis of the arm 

configuration at the time point of drinking. All other analyses were not compromised by these technical 

problems since the parameters were measured at an earlier time point during the movement, i.e. before the 

shutter glasses operated erroneously. 

 

Results 

Qualitative Analysis 

Rating achieved a moderate to very high inter-rater reliability (Cohen´s Kappa κ = .62 for pre_grasp; κ = .83 

for post_grasp; κ = .55 for fluidity). Chi-square tests computed separately for the qualitative variables 

addressing grip configuration and movement precision before and after grasp as well as movement fluidity 

(variables pre_grasp, post_grasp, fluidity) showed that patients were generally more likely to perform 

defective movements than control subjects (pre_grasp: 2(1, N = 1022) = 189.4, p < .001; post_grasp: 2(1, 

N = 1022) = 131.7, p < .001; fluidity: 2(1, N = 1022) = 248.4, p < .001). Thus, the experimental task 

(‘reaching towards and drinking from a glass’) was indeed sensitive to apraxia. Furthermore, action modality 

(real vs. pantomimed glass use) affected errors in pre_grasp (2(1, N = 1022) = 156.6, p < .001) and 

post_grasp (2(1, N = 1022) = 290.4, p < .001), with more errors in pantomimed than in real object use. 

Hence, errors were generally less prominent in real object use than in pantomime. Only errors in fluidity 

were not related to modality (2(1, N = 1022) = 0.53, p = .82). 
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To test how errors were related to action modality and the different visual feedback conditions, data 

were analysed with log-linear modelling (Christensen, 1997). This analysis tests dependence of categorical 

data analogue to Pearson´s chi-square test, but allows inclusion of more than two variables and also takes 

into account higher interactions between these variables. As controls generally performed at ceiling in real 

object use and high numbers of cells without any observations would corrupt the analysis, we only tested 

performance of the patients. Log-linear modelling tested dependence of the categorical factors modality 

(pantomimed vs. real object use), visual feedback (levels 1-6), and errors (correct vs. defective). For the 

analysis of the effects of visual feedback on errors in pre_grasp, feedback conditions 4-6 (feedback removal 

at grasp/ after grasp/ full feedback) were collapsed into the same group. Models were tested with a stepwise 

backward procedure and compared via 2-tests. All tested models contained the interaction modality*visual 

feedback, as this interaction was defined by the experimental design. For errors in the variable pre_grasp, 

the fit of the model that further contained the error*visual feedback interaction was significantly worse than 

the most complex, saturated model´s fit (2 (4) = 173.88; p < .001) and was therefore rejected. However, the 

model that contained the error*modality interaction did not differ significantly from the saturated model (2 

(6) = 6.31; p = .39) and thus was preferred to the saturated model. Thus, pre_grasp error rates depended on 

the modality but were independent from visual feedback. Likewise, for variable post_grasp, the model with 

the error*modality interaction did not differ significantly from the saturated model (2 (10) = 8.05; p = .62), 

but the model with the error*visual feedback interaction was significantly worse (2 (6) = 343.55; p < .001). 

In contrast, for the variable fluidity the model containing the error*modality interaction was significantly 

worse (2 (10) = 41.20; p < .001), but the model with the error*visual feedback interaction did not perform 

significantly worse than the saturated model (2 (6) = 5.66; p = .46). To conclude, grip configuration and 

precision of the movement before and after the grasp (pre_grasp and post_grasp), i.e. movement aspects that 

are thought to be central aspects of apractic errors in pantomime (e.g., Goldenberg et al., 2003, 2007), were 

not affected by variation of visual feedback. However, they were affected by movement modality, with more 

errors when patients performed pantomimes in contrast to real object use. Variation of visual feedback only 

affected the patients’ movements in the variable fluidity. Movement fluidity, however, did not differ 
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between pantomimed and real tool use. Thus, it might be possible that fluidity did not affect apractic errors, 

but patients’ movements in general. Such conclusion, however, ideally would include a comparison with 

healthy subjects, which was not possible as outlined above. 

 

Motion capture analysis - general kinematic parameters  

Table 2 depicts the inferential statistics of the kinematic parameters of the first quantitative analysis. 

Throughout all analyses, factor modality influenced the kinematic parameters the most. Subjects of both 

groups showed a smaller MGA and a more linear evolvement of the grip aperture (higher CR_GA) if they 

pantomimed the grasping and drinking action (Fig. 4). This effect was more pronounced for patients 

compared to healthy controls (significant interaction effect group x modality for the MGA, Tab. 2). Further, 

the peak velocity was higher for pantomimed actions (Fig. 5). At the moment of grasping the distance 

between the hand and the table (variable ‘index table distance’) was reduced compared to the real glass use 

condition, most likely because the hand sometimes was placed directly on the table, supposable to ensure 

some physical contact if no glass was present (Tab.2 and Fig. 6).  

 

[Figures 4, 5, and 6 near here] 

[Table 2 near here] 

 

We observed highly significant interaction effects of factors modality and visual feedback (Tab. 2). 

Thus, visual feedback played a role in both groups, but only in the real glass condition and not when 

participants pantomimed the actions (Figs. 4 and 5). Grip aperture was wider and more curved when visual 

feedback was not available, especially if participants blindly grasped for a real glass (Fig. 4). We further 

found a decreased and delayed peak velocity for blind grasping to a real glass in both groups (Fig. 5). This is 

also indicated by the effects for the movement duration. In general, the movement took longer for 

pantomimed actions, except in the completely blind condition (modality x visual feedback interaction, Tab. 

2). In this case, the movement duration in the real use condition exceeded the movement duration of the 

pantomimed action. 
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If taking away the visual feedback in the real glass modality would lead to more apractic errors, one 

would expect the movement kinematics in the real glass condition without visual feedback to resemble the 

kinematics of the pantomimed condition with visual feedback. At least, the comparison of these kinematics 

with the real glass use with intact visual feedback should be altered in a similar way (e.g. pantomimed glass 

use in apractic patients leads to a smaller MGA compared to real glass use, hence blind real glass use should 

also result in a smaller MGA compared to the real glass use). To test, whether taking away the visual 

feedback alters the motor behaviour in a similar way as pantomiming the movement, we calculated for each 

kinematic parameter the ratios between (i) blind real glass use and sighted real glass use and (ii) 

pantomimed glass use and real glass use. There is a systematic difference in these ratios (Fig. 7). For most 

parameters these ratios show opposite signs indicating that the kinematic parameters were altered in opposed 

directions (e.g. pantomimed glass use in apractic patients led to a smaller MGA compared to real glass use, 

whilst blind real glass use resulted in a larger MGA compared to the real glass use). Thus, taking away the 

visual feedback in the real glass condition influenced the motor behaviour of both subject groups, but did not 

result in more apractic errors.  

 

[Figure 7 near here] 

 

Motion capturing analysis - arm configuration at grasping  

Table 3 shows the inferential statistics of the angles describing the arm configuration at the moment of 

grasping. The configuration differed significantly in 7 out of 8 angles for the pantomimed compared to the 

real glass use (Supplementary Fig. 1). In both groups, the hand and forearm were all less elevated in the 

pantomimed condition whilst the elevation angle of the upper arm was greater compared to real glass use. 

The hand and for the control group also the upper arm were orientated more towards the object as shown by 

increased azimuth angles. Further, patients and controls showed an increased angle between the upper arm 

and forearm for pantomimed actions. Moreover, the angle between the hand and the table (variable ‘hand 

elevation’) was significantly reduced for pantomimed glass use (Supplementary Fig. 1), six of the patients 

and one control subject even placed their hand flat on the target position instead of accurately pantomiming 
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a grasping movement. This effect was slightly more pronounced for patients than for controls as indicated 

by the interaction effect group*modality (Tab. 3). 

The visual feedback had a similar influence for both groups on the arm configuration. Both groups 

showed a bigger azimuth of the forearm for reduced visual feedback (Tab. 3 and Supplementary Fig. 1). 

Additionally, the upper arm was less elevated and the elbow angle was smaller for patients and for controls 

when visual feedback was not available. To conclude, pantomimed and real glass use differed largely in the 

configuration of the upper extremity at the time point of grasping. The reduction of the visual feedback in 

the real glass condition did not result in an apractic or pantomime-like arm configuration (Supplementary 

Fig. 1). Rather, the visual feedback had a modality unspecific influence on the executed action. 

 

[Table 3 near here] 

 

Motion capturing analysis - arm configuration at drinking 

At the time point of drinking the configuration differed in six angles between modalities in both groups 

(Tab. 4 and Supplementary Fig. 2). The hand was less elevated and the upper arm was more elevated for 

pantomimed drinking, the azimuth of the forearm and upper arm were larger for pantomimed compared to 

real actions. In addition, the orientation of the hand with respect to the table showed a larger angle for the 

pantomimed movement. In both groups, visual feedback only played a minor role for the arm configuration 

at the time point of drinking. Reduction of the visual feedback significantly affected only the elevation of the 

upper arm. In conditions with withdrawn visual feedback, the upper arm was less elevated in both groups 

than in trials with complete visual feedback. To conclude, pantomimed and real actions differed largely in 

both groups in terms of the arm configuration at the time point of drinking. Removal of online visual 

feedback did not alter the arm configuration in the sense that real glass use movements resembled 

pantomimed actions (see Supplementary Fig. 2 for a comparison of the change of the arm configuration at 

the time point of drinking for pantomimed and blind drinking actions compared to real glass drinking actions 

with intact visual feedback).  

 



 

 14

[Table 4 near here] 

 

Summary of Motion capturing analysis 

A main effect of factor ‘group’ and thus a general difference in movements between subject groups, 

independent of modality or visual feedback, was only observed for four out of 22 analysed parameters. In 

comparison to healthy controls, apractic patients generally showed a longer movement duration, a smaller 

azimuth angle of the hand and a smaller angle between hand and table when grasping for the glass, and a 

less elevated hand at the time point of drinking. 

A specific change in the kinematic data for patients (but not controls) with restricted visual feedback, 

which would be expected if patients over-rely on visual feedback, was only observed for one out of 22 

parameters. The index-table-distance was reduced for patients (but not controls) in case the shutter glasses 

closed after movement start compared to those feedback conditions where the shutter glasses closed after 50 

percent of the grasping movement or remained opened throughout the grasp (interaction effect group x 

visual feedback: F = 4.598 p = 0.046). However, this effect influenced both real and pantomimed object use. 

A further finding of the present study was that the stepwise withdrawal of visual feedback in the real glass 

condition did not result in more apractic or more pantomime-like parameters in apraxia patients (Figs. 7– 9). 

 

Discussion 

The present study investigated the role of visual feedback in apraxia of pantomime. Neurological patients 

with apraxia and healthy controls were tested in an object-related action task in which visual feedback was 

withdrawn in different phases of the movement. A qualitative analysis as well as a quantitative analysis of 

motion capture data found no influence of visual feedback specifically on apraxia. Withdrawal of online 

visual feedback in different phases of the movement rather altered the motor behaviour of both patients and 

healthy controls in a similar way: it influenced real object use more than its corresponding pantomimed 

movement, and − most importantly − did not result in more apractic errors, neither in apractic patients nor in 

controls.  

The hypothesis that apractic patients pathologically over-rely on visual feedback to compensate for 
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deficits in motor planning or execution (Haaland et al., 1999; Jax et al., 2005; Binkofski & Buxbaum, 2013; 

Jax et al., 2015) thus does not satisfyingly explain the discrepancy between real and pantomimed object use 

in apraxia. According to this hypothesis, removal of visual feedback during pantomime of tool use should 

increase patients’ apractic errors and/or – in the case real tool use – should transform the patients’ normal 

movement into a movement with apractic errors. In contrast, the present study did not find apractic patients 

to be specifically affected by variation of visual feedback at all, i.e. neither in pantomime of tool use nor in 

real tool use. This finding was consistent over the different time points of removal of visual feedback, 

ranging from the late stages of object manipulation to the early stages of hand transportation towards the 

target. This was even true, when visual feedback was removed before movements started. Moreover, 

patients’ normal movements with real objects were not transformed into movements with apractic errors 

when visual feedback was withdrawn; pantomimed and real object use were qualitatively and quantitatively 

different, even if visual feedback was completely removed. 

Thus, the puzzling phenomenon that patients fail to pantomime the use of a tool but are at the same 

time able to perform the use of the actual tool with less or no errors does not seem to stem from differences 

in visual online feedback processing. (This of course does not rule out that vision can play a role before the 

action is executed, i.e. when the object and its context [including affordances] are presented for the first time 

[e.g., Haaland et al., 1999; Jax et al., 2006; Randerath et al., 2011]). The present observations suggest that 

apractic errors do not arise from the fact that objects are not visually present during pantomime of object 

use. Alternatively, it is possible that the discrepancy between pantomimed and real object use could result 

from differences in somatosensory feedback. Several studies discussed such possible role of afferent tactile 

input on apraxia (Wada et al., 1999; Graham et al., 1999; Goldenberg et al., 2004). For example, it has been 

reported that apractic patients that hold surrogate tools in hand to assist pantomimed action (e.g., sticks that 

resemble the handles of the tool), led to less erroneous pantomime performance (Wada et al., 1999; Graham 

et al., 1999). The present study, however, objects this somatosensory feedback hypothesis as well. Several 

variables tested in the qualitative and the quantitative analyses of the present study were based solely on 

movement parameters before the glass was grasped. Effects in these variables were generally not different 

from effects in variables based on movement parameters at or after grasp of the object. Thus, pantomimed 
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and real object use differed in the apractic patients already before any tactile feedback was present in a trial. 

This was the case even when visual feedback was completely absent. The present data thus do not support 

the somatosensory feedback hypothesis. This interpretation is also in line with a study that found no general 

improvement of pantomime when holding surrogate handles (Goldenberg et al., 2004). While some of the 

patients showed improved performance, others showed deteriorated performance. The authors of this study 

therefore concluded that not tactile feedback, but rather mechanical constraints and affordances are critical 

for object use in apractic patients. 

In contrast to the somatosensory feedback hypothesis, our findings are consistent with the hypothesis 

that pantomimed action and real action rely on distinct cognitive processes, which has been postulated both 

based on clinical findings (Laimgruber et al., 2005; Goldenberg, 2014) and on findings in healthy subjects 

(Goodale et al., 1994; Lausberg et al., 2015). According to this hypothesis, pantomime is not only object use 

without an object, but an action that depends at least partially on different cognitive processes or motor 

engrams. Apraxia patients thus perform worse in pantomimed than in real tool use because brain damage 

affects cognitive functions that are specific to pantomime. Several other findings support this hypothesis. 

For example, studies in split-brain patients found hemispheric disconnection to induce apraxia of pantomime 

in the left, but not the right hand (Buxbaum et al., 1995; Goldenberg et al., 2001; Lausberg et al., 2003). In 

contrast, tool use with the actual tool in hand was not or only mildly affected in such patients (Lausberg et 

al., 2003; Frey et al., 2005). Left hemisphere functions thus seem to be essential for the ability to pantomime 

tool use, while real tool use depends on functions not limited to only the left but also are present in the right 

hemisphere. Moreover, fMRI studies in healthy subjects directly contrasted brain activity in real vs. in 

pantomimed object use. While one study did not find clear differences between both action modalities in 

whole brain analyses (Hermsdörfer et al., 2007; for a critical discussion see Lausberg et al., 2015), two other 

studies observed left hemispheric brain activity in the intraparietal sulcus (Imazu et al., 2007) or the middle 

and superior temporal gyri (Lausberg et al., 2015) to be specifically related to pantomime of object use. The 

findings suggest that, although real object use and its corresponding pantomime most likely share cognitive 

functions, there are also cognitive processes that specifically underlie pantomime of object use only. If so, 

these processes could be specifically affected by brain damage. The result of such damage to specific 
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processes would be patients that fail to pantomime the use of a tool, but are at the same time able to perform 

the use of the actual tool with no errors. 

What might be the nature of processes specifically underlying the pantomime of object use? It is 

possible that these processes are related to intrinsic coordinate control (Buxbaum, 2001; Jax et al., 2006). 

While real object use can be coded extrinsically in reference to external objects (in our experiment the 

glass), pantomime of object use has to be coded intrinsically in relation to the own body (Vindras & Vivani 

1998; Buxbaum et al., 2000). Such intrinsic coordinate coding depends on proprioceptive, tactile, and 

vestibular input (Buxbaum et al., 2001), but not necessarily on visual input. However, an observation 

arguing against the assumption of defective intrinsic coordinate control is the observed dissociation of 

defective pantomime on the one hand and of preserved meaningless gestures on the other (Goldenberg et al., 

2007; see also patients 5 and 10 in the present study when performing meaningless gestures [Tab. 1]). Both 

activities – pantomiming as well as imitating meaningless gestures − most likely rely on intrinsic coding and 

thus should be similarly affected if intrinsic coding was the crucial factor in apraxia of pantomime. Another 

possible explanation could be that action representations exist in the human brain that contain the spatio-

temporal features of tool-related action (see e.g. Heilman & Rothi, 1993; Buxbaum, 2001) specifically for 

pantomimed tool use. However, different action representations for real action and for pantomimed action 

are unlikely, as this would be uneconomical, especially as the pantomime of most actions is not used in 

naturalistic, everyday action. Indeed, previous studies found kinematics of pantomime and real tool use to 

correlate (Hermsdörfer et al., 2012; Hermsdörfer et al., 2013), which suggests shared motor programs. 

Another possibility is that there are other cognitive functions specific to pantomime of tool use between the 

retrieval of action representation and motor execution. These could be related to mental simulation of action, 

which was found to be affected in left hemisphere patients (Ochipa et al., 1997; Buxbaum et al., 2005). 

Likewise, such cognitive functions could be related to the integration of a visuo-tactile representation of the 

tool into the action plan and its execution (Lausberg et al., 2015). Future studies are required to further 

investigate the possible nature of processes specifically underlying the pantomime of object use. 

A possible limitation of the present study is that the patients with apraxia suffered from different 

aetiologies (see Tab. 1). Similar studies often recruited patients with stroke exclusively (e.g., Poizner et al., 
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1990; Clark et al., 1994; Poizner et al., 1995; Goldenberg et al., 2004; Hermsdörfer et al., 2006, 2013). In 

the present study, the main criterion in recruiting was the presence of apraxia of pantomime according to an 

established clinical test (Goldenberg et al., 2003, 2007). It cannot be excluded that apraxia in stroke patients 

is combined with more cognitive deficits that affect the role of visual feedback in tool-related action than in 

patients with apraxia due to degenerative neurological disorders. This could limit the generalisability of our 

findings. On the other hand, the heterogeneous aetiologies could also be interpreted as an advantage for the 

generalisability of our observation that visual feedback had no influence on apraxia; it was observed across 

different aetiologies. Further, all patients with apraxia in the present study were able to fully understand the 

instructions (even the three aphasic patients were able to follow instructions as much as required by the 

motion tracking setup). This might be another advantage compared to a sample of solely stroke patients who 

nearly always suffer from a combination of apraxia and aphasia (e.g., Kertesz & Hooper, 1982; Papagno et 

al., 1993). Aphasic disturbances limit the feasibility of experimental designs and results can vary as a 

function of residual language abilities (e.g., Goldenberg et al., 2004). Thus, we think the patient sample in 

the present study very well fitted the aims of study. Nevertheless, factor aetiology definitely deserves closer 

investigation in future studies. Moreover, the relations between kinematic parameters and clinical scores, 

such as severity of apraxia or language disturbances, deserve closer investigation in future studies. The size 

of the present sample of ten apractic patients did not allow such analyses. 

A limitation of kinematic studies in apraxia in general is their dependence on the  tool-related action 

investigated. As already pointed out by other authors (Buxbaum et al., 2000; Hermsdörfer et al., 2006), 

(deficient) kinematic parameters (in apraxia) differ between different tools. Therefore, caution is advised if 

kinematics described in the present study for “drinking from a glass” are directly compared to kinematics 

deriving from studies that investigated tool-related action with other tools, such as e.g. repetitive, sagittal 

movements in sawing (Hermsdörfer et al., 2006) or slicing bread (Clark et al., 1994; Poizner et al., 1995). 

Future studies thus would profit from analysing different tool-related actions; however, it should be noted 

that kinematic analyses are complex and laborious and thus of limited capacity. 

In conclusion, visual feedback does not seem to play a pivotal role in apraxia of object-related action. 

The present study showed that variation of visual feedback in different phases of pantomimed and of real 
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tool use did not specifically affect apractic patients’ movements. These findings imply that apraxia in 

pantomime of object use is not equivalent to patients’ real object use with removed visual input. Rather, 

apraxia of pantomime appears to affect cognitive functions that are specifically related to pantomime, but 

not to real object use. 

 

 

Acknowledgements 

This work was supported by the Deutsche Forschungsgemeinschaft (KA1258/15-1). Christoph Sperber was 

supported by the Friedrich Naumann Foundation. Andrea Christensen and Martin A. Giese were supported 

by the EC H2020 (CogIMon ICT-644727) and the Human Frontier Science Program (RGP0036/2016).We 

thank Ann-Kristin Weiser for her help with motion data acquisition in healthy controls and Marissa Barabas, 

Anne Kirschner, Jacob Clausen and Leonie Nowack for their help with patient screening and test rating. 

The authors declare no competing financial interests. 



 

 20

References 

Atkeson, C. G., & Hollerbach, J. M. (1985). Kinematic features of unrestrained vertical arm movements. 

Journal of Neuroscience, 5, 2318–2330. 

Bartolo, A., Daumüller, M., Sala, S. D., & Goldenberg, G. (2007). Relationship between object-related 

gestures and the fractionated object knowledge system. Behavioural Neurology, 18, 143-147. 

Baumard, J., Osiurak, F., Lesourd, M., & Gall, D. Le. (2014). Tool use disorders after left brain damage. 
Frontiers in Psychology, 5, 473. 

Binkofski, F., & Buxbaum, L. J. (2013). Two action systems in the human brain. Brain and Language, 
127(2), 222–9. 

Buxbaum, L. J., Schwartz, M. F., Coslett, H. B., & Carew, T.G. (1995). Naturalistic action and praxis in 

callosal apraxia. Neurocase 1:3-17. 

Buxbaum, L. J., Giovannetti, T., & Libon, D. (2000). The role of the dynamic body schema in praxis: 
evidence from primary progressive apraxia. Brain and Cognition, 44(2), 166–91. 

Buxbaum, L. J. (2001). Ideomotor apraxia: a call to action. Neurocase, 7(6), 445–458. 

Buxbaum, L. J., Johnson-Frey, S. H., & Bartlett-Williams, M. (2005). Deficient internal models for planning 
hand-object interactions in apraxia. Neuropsychologia, 43(6), 917–29. 

Christensen, R. (1997). Log-linear Models and Logistic Regression, New York: Springer. 

Clark, M., Merians, A., & Kothari, A. (1994). Spatial planning deficits in limb apraxia. Brain, 117, 1093–
1106.Dawson, A. M., Buxbaum, L. J., & Duff, S. V. (2010). The impact of left hemisphere stroke on 
force control with familiar and novel objects: Neuroanatomic substrates and relationship to apraxia. 
Brain Research, 1317, 124–136. 

De Renzi, E., Motti, F., & Nichelli, P. (1980). Imitating gestures: A quantitative approach to ideomotor 
apraxia. Archives of Neurology, 37(1), 6–10. 

De Renzi, E., Faglioni, P., & Sorgato, P. (1982). Modality-specific and supramodal mechanisms of apraxia. 
Brain, 105, 301–12. 

Frey, S. H., Funnell, M. G., Gerry, V. E., & Gazzaniga, M. S. (2005). A dissociation between the 
representation of tool-use skills and hand dominance: insights from left- and right-handed callosotomy 
patients. Journal of Cognitive Neuroscience, 17(2), 262–272. 

Goldenberg, G. (1996). Defective imitation of gestures in patients with damage in the left or right 
hemispheres. Journal of Neurology, Neurosurgery, and Psychiatry, 61(2), 176–80. 

Goldenberg, G., Hentze, S., & Hermsdorfer, J. (2004). The effect of tactile feedback on pantomime of tool 
use in apraxia. Neurology, 63(10), 1863–1867. 

Goldenberg, G., & Hagmann, S. (1998). Tool use and mechanical problem solving in apraxia. 
Neuropsychologia, 36(7), 581–9. 



 

 21

Goldenberg, G. (2011). Apraxien. Göttingen: Hogrefe. 

Goldenberg, G. (2014). Apraxia - the cognitive side of motor control. Cortex, 57, 270–4. 

Goldenberg, G., Hartmann, K., & Schlott, I. (2003). Defective pantomime of object use in left brain damage: 
Apraxia or asymbolia? Neuropsychologia, 41(12), 1565–1573. 

Goldenberg, G., Hermsdörfer, J., Glindemann, R., Rorden, C., & Karnath, H.-O. (2007). Pantomime of tool 
use depends on integrity of left inferior frontal cortex. Cerebral Cortex, 17(12), 2769–76. 

Goldenberg, G., Laimgruber, K., & Hermsdörfer, J. (2001). Imitation of gestures by disconnected 
hemispheres. Neuropsychologia, 39(13), 1432–1443. 

Goodale, M. A., Jakobson, L. S., & Keillor, J. M. (1994). Differences in the visual control of pantomimed 
and natural grasping movements. Neuropsychologia, 32(10), 1159–78. 

Goldenberg, G., & Randerath, J. (2015). Shared neural substrates of apraxia and aphasia. Neuropsychologia, 
75, 40–9.Graham, N. L., Zeman, a, Young, a W., Patterson, K., & Hodges, J. R. (1999). Dyspraxia in a 
patient with corticobasal degeneration: the role of visual and tactile inputs to action. Journal of 
Neurology, Neurosurgery, and Psychiatry, 67(3), 334–44. 

Haaland, K. Y., Harrington, D. L., & Knight, R. T. (1999). Spatial deficits in ideomotor limb apraxia. A 
kinematic analysis of aiming movements. Brain, 122(6), 1169–1182. 

Heilman, K. M., & Rothi, L. J. G. (1993). Apraxia. In Clinical Neuropsychology (pp. 141-164). New York, 

Oxford: Oxford University Press. 

Hermsdörfer, J., Hentze, S., Goldenberg, G. (2006). Spatial and kinematic features of apraxic movement 

depend on the mode of execution. Neuropsychologia, 44(10),1642-1652. 

Hermsdörfer, J., Terlinden, G., Mühlau, M., Goldenberg, G., & Wohlschläger, a M. (2007). Neural 
representations of pantomimed and actual tool use: evidence from an event-related fMRI study. 
NeuroImage, 36 Suppl 2, T109-18. 

Hermsdörfer, J., Li, Y., Randerath, J., Goldenberg, G., & Johannsen, L. (2012). Tool use without a tool: 

kinematic characteristics of pantomiming as compared to actual use and the effect of brain damage. 

Experimental Brain Research, 218,201–214. 

Hermsdörfer, J., Li, Y., Randerath, J., Roby-Brami, A., & Goldenberg, G. (2013). Tool use kinematics 

across different modes of execution. Implications for action representation and apraxia. Cortex, 

49,184–199. 

Imazu, S., Sugio, T., Tanaka, S., & Inui, T. (2007). Differences between actual and imagined usage of 
chopsticks: An fMRI study. Cortex, 43(3), 301–307.  

Jarry, C., Osiurak, F., Delafuys, D., Chauviré, V., Etcharry-Bouyx, F., & Le Gall, D. (2013). Apraxia of tool 
use: more evidence for the technical reasoning hypothesis. Cortex, 49(9), 2322–33.  



 

 22

Jax, S. A., Rosa-Leyra, D. L., & Buxbaum, L. J. (2014). Conceptual- and production-related predictors of 
pantomimed tool use deficits in apraxia. Neuropsychologia, 62(2), 194–201. 

Jax, S. A., Buxbaum, L. J., & Moll, A. D. (2006). Deficits in movement planning and intrinsic coordinate 
control in ideomotor apraxia. Journal of Cognitive Neuroscience, 18(12), 2063–76. 

Jeannerod, M. (1981). Intersegmental coordination during reaching at natural visual objects. In J. Long & A 

Baddeley (Eds.), Attention and performance IX (pp.153-169). Hillsdale, NJ:Erlbaum. 

Kertesz, A., & Hooper, P. (1982). Praxis and language: The extent and variety of apraxia in aphasia. 
Neuropsychologia, 20(3), 275–286. 

Laimgruber, K., Goldenberg, G., & Hermsdörfer, J. (2005). Manual and hemispheric asymmetries in the 
execution of actual and pantomimed prehension. Neuropsychologia, 43(5), 682–692. 

Lausberg, H., Cruz, R. F., Kita, S., Zaidel, E., & Ptito, A. (2003). Pantomime to visual presentation of 
objects: Left hand dyspraxia in patients with complete callosotomy. Brain, 126(2), 343–360. 

Lausberg, H., Kazzer, P., Heekeren, H. R., & Wartenburger, I. (2015). Pantomiming tool use with an 
imaginary tool in hand as compared to demonstration with tool in hand specifically modulates the left 
middle and superior temporal gyri. Cortex, 71, 1–14. 

Liepmann, H. (1908). Drei Aufsätze aus dem Apraxiegebiet. Berlin: Karger. 

Liepmann H. (1912). Zur Lokalisation der Hirnfunktionen mit besonderer Berücksichtigung der Beteiligung 

der beiden Hemisphären an den Gedächtnisleistungen. Zeitschrift für Psychologie,63,1–18. 

Mengotti, P., Ripamonti, E., Pesavento, V., & Rumiati, R. I. (2015). Anatomical and spatial matching in 
imitation: Evidence from left and right brain-damaged patients. Neuropsychologia, 79, 1–16. 

Ochipa, C., Rapcsak, S. Z., Maher, L. M., Rothi, L. J., Bowers, D., & Heilman, K. M. (1997). Selective 
deficit of praxis imagery in ideomotor apraxia. Neurology, 49(2), 474–80. 

Papagno, C., Della Sala, S., & Basso, A. (1993). Ideomotor apraxia without aphasia and aphasia without 
apraxia: the anatomical support for a double dissociation. Journal of Neurology, Neurosurgery, and 
Psychiatry, 56(3), 286–9. 

Poizner, H., Mack, L., Verfaellie, M., Rothi, L. J., & Heilman, K. M. (1990). Three-dimensional 
computergraphic analysis of apraxia. Neural representations of learned movement. Brain, 113, 85–101. 

Poizner, H., Clark, M. a, Merians, a S., Macauley, B., Gonzalez Rothi, L. J., & Heilman, K. M. (1995). Joint 
coordination deficits in limb apraxia. Brain, 118, 227–42. 

Randerath, J., Goldenberg, G., Spijkers, W., Li, Y., Hermsdörfer, J. (2011). From pantomime to actual use: 
how affordances can facilitate actual tool-use. Neuropsychologia, 49(9),2410-2416.Rapcsak, S. Z., 
Ochipa, C., Anderson, K. C., & Poizner, H. (1995). Progressive ideomotor apraxia: evidence for a 
selective impairment of the action production system. Brain and Cognition, 27, 213-236. 

Rumiati, R. I., Carmo, J. C., & Corradi-Dell’Acqua, C. (2009). Neuropsychological perspectives on the 
mechanisms of imitation. Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 364, 2337–2347. 



 

 23

Sergio, L. E., & Scott, S. H. (1998). Hand and joint paths during reaching movements with and without 

vision. Experimental Brain Research, 122,157-164. 

Vindras, P.,& Viviani, P. (1998). Frames of reference and control parameters in visuomanual pointing. 

Journal of Experimental Psychology, 24, 569–91. 

Wada, Y., Nakagawa, Y., Nishikawa, T., Aso, N., Inokawa, M., Kashiwagi, A., Tanabe, H., Takeda, M. 
(1999). Role of somatosensory feedback from tools in realizing movements by patients with ideomotor 
apraxia. European Neurology, 41(2), 73–8. 

Weiss, P. H., Ubben, S. D., Kaesberg, S., Kalbe, E., Kessler, J., Liebig, T., & Fink, G. R. (2016). Where 
language meets meaningful action: a combined behavior and lesion analysis of aphasia and apraxia. 
Brain Structure & Function, 221(1), 563–76. 

Weniger, D. (2006). Aphasie. In Kognitive Neurologie (pp.48-64). Stuttgart: Thieme. 

Wheaton, L. A., & Hallett, M. (2007). Ideomotor apraxia: a review. Journal of the Neurological Sciences, 
260(1–2), 1–10. 



 

 24

Figure Legends 

Figure 1. Structural neuroimaging data of all patients 

Structural clinical neuroimaging of all patients by either T1-weighted MR, CT (patients 2 and 10), or T2-

FLAIR-weighted MR (patient 3). The image modality which best demonstrated the pathology was chosen. 

Images were acquired close to experimental testing (<2 weeks). 

 

Figure 2. Motion capturing setup 
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(A) The experimental motion tracking setup with (B) its corresponding 3D model as recorded by the VICON 

Nexus software. (C) Schematic for the points during the movement at which visual feedback was removed 

by closing the shutter glasses. Condition 2: removal right after movement initiation; condition 3: after half of 

the movement from start to the target glass; condition 4: when the hand reached the target; condition 5: after 

half of the movement from the target towards the mouth. Note that in condition 1 visual feedback was 

removed completely or, in condition 6, was present all the time. 

 

 



 

 26

Figure 3. Angles characterizing the arm configuration 

Exemplary illustration of the azimuth and elevation angles describing the arm configuration at the time of 

grasping. (A) Top view on the arm at start with the hand lying flat on the start position and on the target 

position grasping for the (imagined) glass. The x- and y axis are indicated as dotted arrows and correspond 

to the table edges outlined in black. The azimuth of the forearm at time of grasping ( azimuth) is defined as 

the angle between the limb and the y-axis with respect to the start configuration. (B) Side view of the same 

scene illustrating the elevation angle of the forearm. The elevation angle at time of grasping ( elevation) 

describes the angle between the forearm and the z-axis minus the elevation at starting position. 

 

Figure 4. Grip aperture. 

Grip aperture measured as distance between the markers on the tips of the left index finger and thumb during 
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the grasping phase of the real glass use (top row) and the pantomimed glass use (bottom row) for patients 

(left side) and healthy controls (right side). The different visual feedback conditions are colour-coded. The 

darker the colour, the less visual feedback was available. Insets in each panel illustrate the maximum grip 

aperture (MGA) and the curvature ratio for the four different visual feedback conditions. Asterisks mark 

pairwise differences (*** p < 0.001, ** p < 0.01, * p < 0.05). 
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Figure 5. Peak velocity. 

Peak velocities during grasping for real glass use movements (left side) and pantomimed glass use (right 

side) comparing patients and healthy controls. The different visual feedback conditions are colour-coded. 

The darker the grey-level the less visual feedback was available. Error bars indicate standard errors of the 

mean. Asterisks marks a pairwise differences  

(*** p < 0.001, ** p < 0.01, * p < 0.05). 
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Figure 6. Index-table distance at time of grasping 

Distance between the index finger marker and the table at the time point of grasping for real glass use 

movements (left side) and pantomimed glass use (right side) comparing patients and healthy controls. The 

different visual feedback conditions are colour-coded. The darker the grey-level the less visual feedback was 

available. Error bars indicate standard errors of the mean.  
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Figure 7. Kinematic contrasts for general kinematic parameters  

Ratios between (i) real glass use without visual feedback (VF-) compared to real glass use with complete 

visual feedback (VF+) [R(VF-)_vs._(VF+) = param(VF-) / param(VF+) – 1; dark grey bars] and (ii) pantomimed 

glass use with complete visual feedback (panto) and real glass use (real) [Rpanto_vs._real = parampanto / paramreal 

– 1; white bars] for general kinematic parameters (see also Tab.2) are shown for patients (upper panel) and 

controls (lower panel). Error bars indicate standard errors of the mean. Asterisks mark pairwise differences 

(*** p < 0.001, ** p < 0.01, * p < 0.05). 

 



 

 31

Table 1. Demographic and clinical data of all patients 

Demographic data of all patients including clinical data from tests for apraxia in pantomime of object use 

(Goldenberg et al., 2003; 2007), apraxia in imitation of meaningless hand and finger gestures (Goldenberg, 

1996), and from the aphasia screening by Weniger and Bertoni (2006). Asterisks indicate test performances 

below the cut-off of 45 for pantomime of object use and of 18/17 for imitation of hand and finger gestures. 

Abbreviations: PCA = posterior cortical atrophy; ICB = intracerebral bleeding; CBD = corticobasal 

degeneration. For stroke patients, time since stroke at experimental session is shown. 

Patient Age Sex Etiology Panto- 
mime 

Imitation 
Hand 

Imitation 
Finger 

Aphasia 

1 61 M PCA 42* 12* 14* No 
2 53 F ICB (1 month, frontal 

left) 
37* 17* 12* Yes 

3 58 F Infarct (21 months, 
temp.-parietal left) 

43* 6* 18 Yes 

4 72 F PCA 23* 7* 12* No 
5 74 F CBD 41* 18 19 No 
6 58 M PCA 43* 1* 5* No 
7 73 F Atypical dementia 31* 9* 2* No 
8 71 M CBD 43* 12* 2* No 
9 70 F CBD 30* 13* 11* No 
10 69 M Infarct (10 days, media 

left) 
39* 19 17 Yes 
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Table 2. Inferential statistics of kinematic parameters.  
Results for the repeated measures ANOVA with the factors modality (real glass use vs. pantomimed glass use), visual feedback (none, until movement initiation, 
until 50% of the grasping movement, complete visual feedback until grasp), and the between subject factor group (patient vs. control). Results are only shown for 
main effects and interaction effects that reached significance at an alpha level of 0.05 without correction for multiple testing. Asterisks indicate significance after 
correction for multiple comparisons according to the Holm-Method (*** p< .001, ** p < .01, * p < .05). 
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MGA  
F(1,18) = 10.171, 

p < .001 (***) 

F(3,54) = 11.018, p 

= .004 (**) 

F(3,54) = 13.142, p 

= .002 (**) 
 

F(1,18) = 6.360,  p 

< .001 
   

Curvature ratio GA 
F(1,18) = 28.274, 

p < .001 (***) 

F(3,54) = 15.762, p 

< .001 (**) 

F(3,54) = 21.413, p 

< .001 (***) 
       

index table distance 
F(1,18) = 18.512, 

p < .001 (**)     
   

F(3,54) = 4.598, p 

= .046 
 

peak velocity 
F(1,18) = 11.914, 

p = .003 (**) 

F(3,54) = 37.367, p 

< .001 (***) 

F(3,54) = 22.209, p 

< .001 (**) 
       

time of peak velocity 
F(1,18) = 4.880,    

p = .040 

F(3,54) = 38.432, p 

< .001 (***) 

F(3,54) = 6.969,    p 

= .017 (*) 
       

movement duration 
 

F(3,54) = 25.275, p 

< .001 (***) 

F(3,54) = 14.616,  p 

= .001 (**) 

F(1,18) =7.509,  p 

= .013 
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Table 3. Inferential statistics on the arm configuration at the time point of grasping.  
Results for the repeated measures ANOVA with the factors modality, visual feedback, and the between subject factor group. Only significant results at an alpha level 
of 0.05 (without correction) are listed. Asterisks indicate significance after correction for multiple comparisons according to the Holm-Method (*** p< .001, ** p < 
.01, * p < .05). 
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hand azimuth  
F(1,18) = 8.008,    

p = .011 (*) 
   

F(1,18) = 4.601,    

p = .046 
     

hand elevation  
F(1,18) = 11.687, 

p = .003 (*) 
           

hand orientation (w.r.t. table) 
F(1,18) = 15.937, 

p < .001 (**) 
 

F(3,54) = 4.728,    

p = .043 

F(1,18) = 7.852,    

p = .012 

F(1,18) = 7.167,    

p = .015 
   

forearm azimuth 
 

F(3,54) = 11.887, 

p = .003 (*) 
       

F(3,54) = 9.391    

p = .007 

forearm elevation 
F(1,18) = 11.927, 

p = .003 (*) 
           

upper arm azimuth 
F(1,18) = 7.320,    

p = .014 (*) 
     

F(1,18) = 8.106,    

p = .011 
   

upper arm elevation 
F(1,18) = 4.512,    

p = .048 

F(3,54) = 13.611, 

p = .002 (*) 
         

elbow angle  
F(1,18) = 39.374, 

p < .001 (***) 

F(3,54) = 5.662,    

p = .029 
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Table 4. Inferential statistics on the arm configuration at the time point of drinking.  
Results for the repeated measures ANOVA with the factors modality, visual feedback (none, until movement initiation, until 50% of the grasping movement, until 
grasp, until 50% of the way to the mouth, complete until drinking), and the between subject factor group (8 patients, 9 controls). Only significant results at an alpha 
level of 0.05 (without correction) are listed. Asterisks indicate significance after correction for multiple comparisons according to the Holm-Method (*** p< .001, ** 
p < .01, * p < .05). 
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hand azimuth       

hand elevation  
F(1,15) = 14.376, 

p = .002 (*) 
   

F(1,15) = 4.572, 

p = .049 
     

hand orientation (w.r.t table) 
F(1,15) = 23.808, 

p < .001 (**) 
           

forearm azimuth  
F(1,15) = 30.111, 

p < .001 (**) 
     

F(1,15) = 5.920, 

p = .028 
   

forearm elevation       

upper arm azimuth 
F(1,15) = 12.203, 

p = .003 (*) 
           

upper arm elevation  
F(1,15) = 10.259, 

p = .006 (*) 

F(5,75) = 5.167,    

p < .001 (**) 
         

elbow angle 
F(1,15) = 6.451,  

p = .023 
           

 


