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Preamble 

The research presented in this thesis investigates the motoric versus perceptual 

basis of bimanual coordination stability. A general introductory section provides an 

overview of Parkinson's disease, upper limb coordination in healthy younger and healthy 

older adults and individuals with Parkinson's disease, and the current views of the basis 

of bimanual coordination stability. Following the general introductory section are two 

manuscripts for the two experiments. Both experiments followed similar paradigms. 

Healthy young adult~ participated in the first experiment and individuals with 

Parkinson's disease and healthy older adults participated in the second experiment. 

Following the presentation of the empirical work is a general discussion section. 

This section is intended to summarize the two experiments, to discuss potential 

methodological issues and to provide ideas for future experiments. 
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General Introduction 

The majority ·Jf daily activities require the integrated performance of the two 

hands. The maintenance of the ability to perform coordinated movements with the upper 

limbs is an importan1 component of remaining independent and enjoying a high quality of 

life. However, indiviiuals with Parkinson's disease exhibit decrements in the ability to 

perform coordinated movements with the upper limbs (Almeida, Wishart, & Lee, 2002; 

Byblow, Summers, Lewis, & Thomas, 2002; Johnson, Cunnington, Bradshaw, Phillips, 

Iansek, & Rogers, 1998). As the disease progresses, these individuals are at risk for 

becoming more de~:ndent on others, partially as a consequence of the loss of the ability 

to coordinate their upper limbs. 

The rational!: for the experiments described in this thesis is to provide a further 

understanding ofth~: mechanisms of bimanual coordination in healthy young adults, 

which could then be applied to healthy older adults and to individuals with Parkinson's 

disease. This researeh will contribute to the current understanding of the dynamics of 

bimanual coordinat.on. As well, by identifying the mechanisms underlying the bimanual 

coordination defici1s associated with Parkinson's disease, effective rehabilitation 

techniques can be developed to facilitate coordinated movement. This general 

introduction will provide an overview ofParkinson's disease, upper limb coordination in 

healthy younger and older adults, and in individuals with Parkinson's disease, and the 

current views of the basis ofbimanual coordination. In addition, this general introduction 

will discuss the purpose and hypotheses of the experiments described in this thesis. 
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1. Idiopathic Parkimon's disease 

1.1 Incidence of idiopathic Parkinson's disease 

Idiopathic Parkinson's disease (PD) is a progressive neurodegenerative disorder 

with a specific neurological and biochemical pathology but an, as yet, unknown cause 

(Hurtig, 2002). PD, the third most common neurological disorder after stroke and 

Alzheimer's disease (Morris, 2000) is characterized by a decline in motor functioning 

(Hurtig, 2002; Morris, 2000). In Canada, approximately 80 000 people are diagnosed 

with PD, with men and women affected equally (The Parkinson Foundation of Canada, 

2001). The incidence ofPD increases steadily after the age of 55 (Maraganore, 2002), 

with 1 in 1000 people over the age of 65 and 1 in 100 people over the age of 75 affected 

(The Parkinson Foundation of Canada, 2001). PD with onset before age 40 is uncommon 

(Maraganore, 2002). It is estimated that, world wide, 10 million people have PD (Morris, 

2000) and as life expectancies continue to increase, it is anticipated that this number will 

only rise. 

1.2 Symptoms of fdiopathic Parkinson's disease 

Movement disorders are the hallmark symptom ofPD, severely compromising the 

ability to perform daily activities. Typical symptoms include a generalized slowing of 

movement (bradykinesia), prolonged movement initiation time (akinesia), decreased 

movement amplitude ~hypometria), resistance to passive movements (rigidity), resting 

tremor, difficulty witt balance and walking and sudden cessations of movement partway 

through an action sequence (freezing) (Hurtig, 2002; Morris, 2000). In particular, these 
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impairments result in difficulties in performing simple daily tasks such as tying 

shoelaces, brushing teeth, washing hair, picking up a child, preparing a meal, writing, and 

walking. 

The rate of progression and severity ofPD is unpredictable and unique for each 

individual. Some may have symptoms for many years before a significant disability 

develops, whereas motor and cognitive functioning may deteriorate rapidly in others 

(Hurtig, 2002). Initially, signs ofPD are usually confined to one side of the body, with 

function preserved on the contralateral side. However, with disease progression, 

symptoms become more severe and develop bilaterally (Hoehn & Yahr, 1967; Youdim & 

Reider, 1997). Cons(:quently, individuals with PD experience difficulties performing 

coordinated movemt::nts with the upper limbs (Johnson et al., 1998). 

1.3 NeuropatholrJgy of idiopathic Parkinson's disease 

It is generally agreed that PD is the result of a progressive loss of the dopamine­

producing cells in the striatum of the basal ganglia (Cunnington, Egan, O'Sullivan, 

Hughes, & Bradshaw, 2001; Hurtig, 2002; Iansek, Bradshaw, Phillips, Cunnington, & 

Morris, 1995; Nurmi, Ruottinen, Bergman, Haaparanta, Solin, Sonninen, & Rinne, 2001). 

Dopamine is essential in controlling the balanced excitatory and inhibitory output from 

the basal ganglia to the motor control regions known to control the smooth execution of 

voluntary moveme11t (Alexander & Crutcher, 1990). The loss of dopamine is associated 

with excessive inhibitory output from the basal ganglia, thereby resulting in difficulties 

with the execution of voluntary movement (Iansek et al., 1995). 
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1.4 Upper limb coordination deficits associated with Parkinson's disease 

Individuals w[th PD exhibit specific motor deficits when performing two 

simultaneous tasks with the upper limbs (Benecke, Rothwell, Dick, Day, & Marsden, 

1986; Horstink, Berger, van Spaendonck, van den Bercken, & Cools, 1990; Lazarus & 

Stelmach, 1992; Schwab, Chafetz, & Walker, 1954; Soliveri, Brown, Jahanshahi, & 

Marsden, 1992). These deficits are evident when coordination performance is compared 

to that of healthy adults who are of a similar age. Older adults are able to perform two 

tasks simultaneously almost as well as when the tasks are performed separately 

(Spirduso, 1995). In contrast, individuals with PD are only able to perform two manual 

operations simultaneously when the tasks are similar or related (Stelmach & 

Worringham, 1988). When these individuals simultaneously perform two different tasks, 

which they perform well independently, they experience bradykinesia and hypometria 

(Brown, Jahanshahi, & Marsden, 1993; Horstink et al., 1990; Lazarus & Stelmach, 1992; 

Schwab, Chafetz, & Walker, 1954; Soliveri et al., 1992). Furthermore, rather than 

performing the two tasks simultaneously, they tend to perform one movement with one 

hand and then perform the second movement with the other hand. For example, 

individuals with PD were unable to squeeze a bulb ergograph with one hand while 

connecting the points of triangle with the other hand, but were able to perform both tasks 

separately (Schwab et al., 1954). Similarly, individuals with PD were unable to 

simultaneously corr plete the Purdue pegboard with one hand while repetitively tapping 

the finger of the otter hand (Brown, Jahanshahi, & Marsden, 1993), isometrically 

contract one hand while isotonically flexing the other hand (Lazarus & Stelmach, 1992), 
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or button a sweater w1ile tapping the feet (Soliveri et al., 1992), but were able to perform 

each task well in isolation. 

In the laboratory, bimanual coordination is often studied using a temporal 

coordination task in which continuous movements are made with the upper limbs. This 

task will be described in the following section. 

2. Bimanual coordination 

Dynamic pat1ern theory has provided a theoretical framework to examine 

bimanual coordination (Haken, Kelso, & Bunz, 1985, Jeka & Kelso, 1989~ Kelso, 1984~ 

Kelso, 1995). A tenet of this theory is that movements are self-organized as there is an 

intrinsic tendency to perform certain coordinated movement patterns and to be attracted 

to these patterns during particular conditions (Haken et al., 1985). Bimanual coordination 

research indicates trat there are two intrinsic coordination patterns of the upper limbs that 

are preferred over a11 other coordination combinations. These patterns are referred to as 

in-phase and anti-phase coordination (Kelso, 1984; Schoner & Kelso, 1988; Turvey, 

1990). In-phase coordination refers to symmetrical movements made simultaneously 

towards and away from the longitudinal axis of the body and anti-phase coordination 

refers to asymmetrical movements made from one side of the longitudinal axis ofbody to 

the other. These pa:tems are intrinsic as they typically do not require practice to be 

performed well in the general population (Scholz, 1990). 

Interlimb coordination can be quantified by measuring relative phase, which 

measures the lateney of one limb with respect to the other in a cyclical coordination 



7 

pattern. The stability and accuracy of performance has been quantified by measuring the 

standard deviation and absolute mean error of relative phase, respectively (Kay, 

Saltzman, & Kelso, 1 '~91 ). Research with young, healthy adults indicates that in-phase 

(relative phase= 0- d~~grees) and anti-phase coordination patterns (relative phase= 180-

degrees) are perform(:d with greater accuracy and greater stability then are all other phase 

relations (Haken et. al, 1985; Yamanishi, Kawato, & Suzuki, 1980). In particular, in­

phase coordination is the more stable and accurate of the two intrinsic patterns (Byblow, 

Summers, Semjen, Wuyts, & Carson, 1999; Carson, 1995; Kelso, 1984; Riek, Carson, & 

Byblow, 1992; Summers, Semjen, Carson, & Thomas, 1995; Swinnen, Dounskaia, 

Verschueren, Serrien, & Daelman, 1995). 

The relative stability of upper limb coordination becomes most apparent when 

individuals increase the frequency of performing the patterns, when they attempt to 

switch from one patt~~m to another, or when they try to learn a new coordination pattern. 

Increasing movement frequency affects the stability of anti-phase coordination more than 

it affects in-phase coordination, eventually resulting in a destabilizing of anti-phase 

coordination which, unless resisted, can lead to an involuntary transition from anti-phase 

to in-phase coordination (Schmidt & Lee, 1999; Swinnen, 2002). However, in-phase 

coordination does not destabilize at increased movement frequencies and involuntary 

transitions from in-phase to anti-phase coordination are rare (Kelso, 1984). Voluntary 

transitions from in-phase to anti-phase coordination take significantly longer than 

transitions from the less stable anti-phase pattern to the more stable in-phase pattern 

(Scholz & Kelso, 1990). Due to the stability of in-phase and anti-phase coordination, 
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they act as attractor stttes and intermediate patterns (e.g., 90- or 45- degree coordination 

patterns) are difficult ·:o perform and require extensive practice to learn (Fontaine, Lee & 

Swinnen, 1997; Lee, ~~winnen & Verschueren, 1995; Zanone & Kelso, 1992). 

Further evidence for the intrinsic tendency to perform inter-limb in-phase and 

anti-phase coordination is provided by studies examining performance in a variety of 

situations including coordination of the arms (Johnson et al., 1998; Verschueren, 

Swinnen, Dom, & Wt:erdt, 1997; Wishart, Murdoch, & Hodges, 2000), the wrists 

(Sullivan, Fama, She~Lr, Cahn-Weiner, Stein, & Zipursky, 2001), and the fingers 

(Cunnington et al., 2001; Geuze, 2001; Kelso, 1984; Mechsner, Kerzel, Knoblich, & 

Prinz, 2001 ). In additon, these so-called attractor patterns are more stable than all other 

coordination patterns in a variety of participant populations, for example, individuals 

with schizophrenia (Bellgrove, Bradshaw, Velakoulis, Johnson, Roger, Smith, & Pantelis, 

2001; Sullivan et al., 2001 ), commissurotomy (Tuller & Kelso, 1989), or Huntington's 

disease (Brown et aL 1993) as well as older adults (Greene & Williams, 1996; Wishart et 

al., 2000) and individuals with PD (Almeida, et al., 2002; Johnson et al., 1998). 

2.1 Older adults 4lnd bimanual coordination 

Of the few studies completed on the bimanual coordination of healthy older 

adults, most have shown that the decline in motor functioning is selective and not 

absolute (Wishart et al., 2000). That is, compared to younger adults, older adults are as 

accurate and stable in performing in-phase coordination but perform anti-phase 

movements with less accuracy and consistency (Greene & Williams, 1996; Salter, 

Wishart, & Lee, 200 1; Wishart et al., 2000; Wishart, Lee, Cunningham, & Murdoch, 
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2002). When moving at frequencies that are faster than preferred, older adults 

demonstrate increased difficulties with anti-phase coordination (Greene & Williams, 

1996; Salter et al., 20(11; Wishart et al., 2000) and involuntary transitions from anti-phase 

to in-phase coordination occur at significantly lower frequencies for older adults than for 

younger adults (Greene & Williams, 1996). Older adults take significantly longer to 

voluntarily switch between the intrinsic coordination patterns (compared to younger 

adults) and they exhibit greater difficulty switching from in-phase to anti-phase 

coordination than vice versa (Greene & Williams, 1996). In addition, healthy older adults 

are able to learn a new coordination pattern, but their rate of improvement is slower and 

their performance le-vels lower than healthy young adults (Swinnen, Verschueren, 

Bogaerts, Dounskaia, Lee, Stelmach, & Serrien, 1998; Wishart et al., 2002). 

2.2 Individuals with Parkinson's disease and bimanual coordination 

Individuals with PD experience problems coordinating upper limb movements. 

The results of the studies of individuals with PD that have investigated the integrity ofthe 

innate coordination patterns that have previously been established in young and older 

adults have found pr1!servation of some pattern characteristics and degeneration of others. 

On a positive note, r1!search has shown that individuals with PD display similar 

coordination accura<:y and stability of in-phase coordination as do healthy older adults. In 

contrast, anti-phase coordination is performed with greater mean error and variability 

(Almeida et al., 200:!; Geuze, 2001; Johnson et al., 1998; van den Berg, Beek, Wagenaar, 

& van Wieringen, 2000) and involuntary transitions from anti-phase to in-phase 

coordination occur at significantly lower movement frequencies as compared to healthy 
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older adults (Byblow, 3ummers, Lewis, & Thomas, 2002). Individuals with PD take 

significantly longer to voluntarily switch between coordination patterns compared to 

older adults and exhibit greater difficulty in switching from in-phase to anti-phase 

coordination than viet:: versa (Almeida, 2000). Furthermore, the bimanual movements of 

the individuals with PD are performed with smaller amplitudes (hypometria) and with 

slower movement frequencies (bradykinesia) (Byblow et al., 2002; Swinnen, Van 

Langendonk, Verschueren, Peeters, Dom & de Weerdt, 1997). Overall, these findings 

suggest that with PD, the ability to perform the innate coordination patterns between the 

upper limbs is not lo~;t but that these individuals have a marked problem performing anti­

phase coordination. 

3. What is known about the basis of upper limb coordination? 

3.1 Motoric view of bimanual coordination 

Despite the observation that anti-phase performance deteriorates with age and that 

this deterioration is exacerbated with PD, in-phase and anti-phase coordination still 

remain more stable than all other phase relations. Currently, there exists some 

controversy in the l[terature as to why there is an intrinsic tendency to perform these two 

upper limb pattern~. The widely accepted motoric view suggests that the characteristics 

of bimanual coordination can be explained by muscular activity (Carson, Riek, 

Smethurst, Lison Parraga, & Byblow, 2000; Johnson et al., 1998; Kelso, 1984; Park, 

Collins, & Turvey, 2001; Swinnen, Jardin, Meulenbroek, Dounskaia, & Hofkens-Van 

Den Brandt, 1997; Swinnen, Steyvers, Van Den Bergh, & Stelmach, 2000). This view 
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suggests that in-phase nerformance is the most stable and accurate of the coordination 

patterns because hom(Jlogous muscle groups are activated simultaneously (muscular in­

phase), whereas anti-phase performance is more variable because non-homologous 

muscle groups are activated simultaneously (muscular anti-phase). It is hypothesized that 

the stability ofbimanual coordination is the result of an exchange of information between 

the hemispheres via the corpus callosum (Carson et al., 2000; Cattaert, Semjen, & 

Summers, 1999; Swirc nen, Young, Walter, & Serrien, 1991 ). In particular, in-phase 

coordination is the most stable pattern because contraction of muscles on one side of the 

body causes an incre~.se in excitability ofthe muscles on the contralateral side ofthe 

body, resulting in actvation of homologous muscle groups. On the other hand, the 

literature has not addressed how this logic can be applied to the relative stability of anti­

phase coordination. 

3.1.1 Egocentric vs allocentric basis of the motoric view ofbimanual coordination 

This traditional motoric view has been revised and expanded by several of its 

proponents. Swinnen and colleagues have suggested that when defining in-phase and 

anti-phase coordination, the plane in which the movement occurs and the direction of 

movement should also be considered (Bogaerts, Buekers, Zaal, & Swinnen, 2002; 

Swinnen, 2002; Swinnen, Jardin, et al, 1997; Swinnen et aL, 1998). For example, 

coordinated movements can be defined relative to an internal (egocentric) or external 

(allocentric) reference frame (Swinnen, 2002). The egocentric reference frame refers to 

cyclical bimanual movements made in the horizontal plane (movements made parallel to 



the frontal plane ofth1! body) towards and away from the longitudinal axis of the body. 

With in-phase coordiration, the simultaneous activation of homologous muscle groups 

results in the upper limbs moving in different directions whereas with anti-phase 

coordination, the simultaneous activation of non-homologous muscle groups results in 

the upper limbs moving in the same direction. 
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The allocentri ~ reference frame, on the other hand, suggests limb movements that 

are made in the same direction are produced more accurately and consistently than 

movements made in different directions (Baldissera, Cavallari, & Civaschi, 1982; 

Baldissera, Cavallari, Marini, & Tassone, 1991; Carson et al., 2000; Kelso & Jeka, 1992; 

Swinnen, Jardin et al, 1997; Wenderoth & Brock, 2002). In the vertical plane 

(movements made orthogonal to the frontal plane of the body), cyclical upper limb 

movements that involve simultaneous activation of homologous muscle groups and 

movements in the same direction in extrinsic space are more accurate and stable than 

alternative patterns (Bogaerts et al., 2002; Park et al., 2001; Swinnen, Jardin et al., 1997; 

Swinnen et al., 1998\ More specifically, in-phase coordination is more stable in the 

vertical plane than ir the horizontal plane because the limbs move in the same direction 

and because homologous muscle groups are activated simultaneously. In contrast, during 

anti-phase coordinat1on in the vertical plane, the upper limbs move in different directions 

and non-homologow; muscular groups are activated simultaneously (Bogaerts et al., 

2002; Swinnen, Jardin et al., 1997). Through a series of experiments, Swinnen et al. 

(1998) concluded th:tt although movement direction is an important factor, muscular 

activity is more dominant in determining the stability of upper limb coordination. 
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3.2 Perceptual view of bimanual coordination 

The motoric basis of bimanual coordination has recently been challenged by 

Mechsner and colleagLies (Mechsner, Kerzel, Knoblich, & Prinz, 2001). They propose 

that the characteristic:; ofbimanual coordination are not best explained by muscular 

activity but instead b) how movements are perceived visually. This view suggests that 

the visual perceptual qualities of movement dominate over muscular activity. 

Specifically, movemt:nts that are visually perceived to be mirror symmetrical are 

preferred over altern2.te coordination tendencies, regardless of the muscular activation of 

the limbs producing the movement. They propose that in-phase coordination is the most 

stable and accurate of the coordination patterns because it is visually perceived to be 

mirror symmetrical (visually in-phase), whereas anti-phase coordination is more variable 

because it is visually perceived to be asymmetrical (visually anti-phase). 

This visual perceptual view is based on an experiment in which participants 

viewed objects that rhythmically moved in different phase relationships to each other on 

a computer screen (Zaal, Bingham, & Schmidt, 2000). Results demonstrated that two 

rhythmically moving objects with an in-phase pattern (relative phase= 0- degrees) were 

easier to identify and were considered to be more stable than two rhythmically moving 

objects with an anti··phase pattern (relative phase= 180- degrees). Zaal and colleagues 

(2000) proposed that if participants are not able to perceive a stable pattern, then they 

may not be able to perform it. Therefore, the perception of an in-phase pattern may play 

a fundamental role tn the stability of upper limb coordination. 
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Through a series of experiments with healthy young adults, Mechsner and 

colleagues (200 1) demonstrated that the tendency to perform in-phase and anti-phase 

coordination is dependent on how the movements are visually perceived. In one 

experiment, participants performed bimanual finger oscillations with movement 

instructions visually defined with regard to the longitudinal axis of the body Movements 

were visually in-phase when the index finger of each hand moved in symmetry towards 

and away from the longitudinal axis of the body Movements were visually anti-phase 

when one index finger moved towards the midline of the body while the other moved 

synchronously away from it and vice versa. These bimanual finger movements were 

performed with different positions of the hands. When both palms faced up or down then 

visual in-phase corresponded with activation of homologous muscle groups and visual 

anti-phase corresponded with activation of non-homologous muscle groups. Conversely, 

when one palm faced up while the other faced down, visual in-phase corresponded with 

activation of non-homologous muscle groups and visual anti-phase corresponded with 

activation of homologous muscle groups. The motoric view would predict that regardless 

ofthe position ofthe hands, performance would be most stable with activation of 

homologous muscle groups. However, results revealed that regardless ofthe position of 

the hands, performance was most stable with visually in-phase movements and that 

increases in movement frequency resulted in involuntary transitions from visual anti­

phase to visual in-phase. From these findings, Mechsner and colleagues concluded that 

the stability of bimanual coordination could be explained by the movements ' visual 

perceptual qualities rather than activity of the muscles involved. 



15 

The perceptual view was further supported in another experiment in which 

participants performed a bimanual circle-drawing task (Mechsner et al., 2001 ). The goal 

of the task was to coordinate two flags in circular in-phase or circular anti-phase by 

moving the upper limbs in in-phase or anti-phase. Although the left flag and left hand 

movements were directly related to each other, the right flag moved at a higher frequency 

than the right hand. As a result, in order to coordinate the flags visually in-phase or anti­

phase the participants were unable to concentrate on the movement of the hands and 

instead had to rely on the visual feedback provided by the flags. The motoric view would 

predict that regardles:; of the movement of the flags, performance would be most stable 

with activation of homologous muscle groups. The perceptual view would predict that 

regardless of the movement of the hands, performance would be most stable with visual 

in-phase coordination of the flags. Results supported the perceptual view in that 

performance was most stable when coordinating the flags visually in-phase. Although 

visual anti-phase wa:; stable at slow movement frequencies, involuntary transitions to 

visual in-phase occu:Ted with increasing frequency. These findings show the same pattern 

of results as dynamieal pattern theory would predict but with, as Mechsner et al. would 

argue, a 'perceptual' task. Mechsner and colleagues concluded that the stability of in­

phase performance is dependent upon visual perception rather than activation of 

homologous muscle groups. 

In general, the work ofMechsner and colleagues (2001) has challenged the 

current understanding of the motoric view ofbimanual coordination. However, a few 



methodological issues may have biased the results in favour of the perceptual view and 

should be considered. 

3. 2.1 Methodological shortcomings 
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Methodological shortcomings may have confounded the Mechsner et al. (2001 ) 

results in support of a perceptual view of bimanual coordination. One shortcoming is 

associated with the availability of visual and proprioceptive information from the upper 

limbs. In the first experiment, participants were unable to dissociate the visual and 

proprioceptive sources of feedback provided by the fingers . In the second experiment, 

although vision of the hands was eliminated, participants could see the movement of their 

upper limbs. As a result, for both experiments, it is not clear whether participants 

concentrated on the perceptual goal of the task or concentrated on activating the correct 

muscles to perform visual in- and anti-phase with the fingers or flags . Therefore, it is 

difficult to conclude that the perceptual qualities of the movement dominated over the 

muscular activity, as the perceptual view proposes. 

Another potential confounding factor involved the timing requirements of the 

tasks used in the experiments. In the first experiment, movements were externally paced 

by an auditory metronome and participants completed one full cycle of movement on 

each beat. In the second experiment, participants began at a frequency they considered 

' comfortable ' and ' slow' and increased their pace to a frequency they considered ' fast' 

In addition, participants completed a cycle of movement at their own pace. Because 

frequency was internally paced and subjective, there was considerable variation in 

movement frequency between participants and coordination patterns. Participants may 
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have traded speed for accuracy by performing in-phase coordination of the flags at a 

slower frequency in o~der to improve stability and accuracy. Therefore, it may appear 

that in-phase coordinhtion of the flags was more stable than anti-phase coordination but 

this may be attributed to a speed accuracy trade-off, rather than intrinsic pattern stability. 

The final methodological factor that may have affected the results is associated 

with the bimanual-cit cle drawing task. It could be argued that Mechsner et al. 's paradigm 

required the participants to learn new coordination patterns in order to coordinate the 

flags. Therefore, inst1!ad of examining the intrinsic coordination patterns, their paradigm 

may have assessed the dynamics of a newly learned and consciously controlled 

coordination pattern. It is possible that the perceptual view may be task- and 

methodology- specif1c and as a result it is unknown whether the perceptual view can be 

generalized to other experimental paradigms. Given these methodological issues, the 

results may have bet:n biased toward a perceptual view ofbimanual coordination. 

Therefore, further investigations need to address the basis for the characteristics of 

bimanual coordination. The experiments described in this thesis take into consideration 

these methodological limitations and examine which view (motoric or perceptual) can 

explain the basis of stability of bimanual coordination. 

4. The motoric vs. the perceptual view of bimanual coordination in Parkinson's 
disease. 

The perceptual view of bimanual coordination has been supported in healthy 

young adults with a particular experimental paradigm (Mechsner et al., 2001). However, 

it remains unknown whether a perceptual explanation can be extended to other participant 
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populations and to different experimental designs and methodology Therefore, the 

present research examines whether the perceptual view can be replicated with a linear 

slide apparatus which is a task typically used to study bimanual coordination in healthy 

younger and older adults and in individuals with PO (Almeida et al. , 2002; Salter et al. , 

2001 , Swinnen et al. , 1998; Verschueren et al. , 1997; Wishart et al. , 2000; Wishart et al. , 

2002). This research further examines whether the mechanisms of bimanual coordination 

are similar for healthy younger adults, healthy older adults, and individuals with PD. 

Individuals with PO were chosen to test and extend the understanding of the basis 

of bimanual coordination because they depend on information more than younger and 

older adults do in order to accomplish tasks. They rely more on visual information than 

healthy adults to facilitate continuous movement performance (Byblow et al., 2002; 

Cunnington, Iansek, Bradshaw, & Phillips, 1995) and to compensate for a decline in 

proprioception (Schneider, 1991 , Schneider, Diamond, & Markham, 1987; Swinnen et 

al. , 2000). These findings suggest that the perceptual qualities of movement may 

dominate over muscular activity in individuals with PD. Jf so, support for the perceptual 

view of bimanual coordination may be found. Individuals with PO demonstrate a 

destabilization of anti-phase coordination (Almeida et al. , 2002; Byblow et al. , 2002; 

Johnson et al. , 1998). lfthe perceptual view is the basis ofbimanual coordination 

stability, then theoretically, the performance of anti-phase coordination by individuals 

with PD would benefit from visual feedback that was visually in-phase. 
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5. Overall purpose and experimental task 

The overall purpose of the following two experiments presented in this thesis was 

to determine whether the characteristics of bimanual coordination are best explained by 

the widely accepted motoric view or by the recently proposed perceptual view. That is, 

are in-phase and anti-phase coordination patterns preferred over all other phase relations 

due primarily to the a:;tivation of homologous muscle groups or to how the patterns are 

visually perceived? 1\l.ore specifically, is in-phase coordination more stable than anti­

phase coordination b(:cause homologous muscle groups are activated simultaneously or 

because the movement is visually perceived to be mirror symmetrical? 

In the present experiments, the motoric and perceptual views of bimanual 

coordination were contrasted by modifying a linear slide apparatus typically used in the 

study ofbimanual coordination (Almeida et al., 2002; Fontaine et al., 1997; Salter et al., 

2001; Swinnen et al., 1998; Verschueren et al., 1997; Wishart et al., 2000). For each 

experiment, the goal of the task was to coordinate the two flags in in-phase (visual in­

phase) or in anti-pha~.e (visual anti-phase) patterns by moving the upper limbs linearly 

and horizontally in in-phase (muscular in-phase) or anti-phase (muscular anti-phase) 

coordination. The comparison of the motoric versus perceptual view was based on the 

relationship between the movement of the flags and the movement of the upper limbs. 

The flags could be attached to the apparatus to become compatible or incompatible to the 

movement of the upper limbs. In the compatible condition, the visual information 

provided by the movement of the flags corresponded with the movement of the upper 

limbs (e.g., muscular in-phase corresponded with visual in-phase and muscular anti-phase 



corresponded to visual anti-phase). In the incompatible condition, a 180-degree 

transformation betwee:1 the right flag and the right hand dissociated the visual 

information provided hy the movement of the flags from the movement of the upper 

limbs (e.g., muscular in-phase corresponded with visual anti-phase and muscular anti­

phase corresponded with visual in-phase). 

6. Purpose and hypothesis of Experiment 1 and 2 

6.1 Experiment 1 
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Healthy youn~; adults were tested to determine whether the perceptual or motoric 

views of bimanual coordination would better explain the intrinsic movement 

characteristics by using a typical coordination paradigm. Support for the motoric view 

would be found if, regardless of the coordination of the flags, muscular in-phase was 

more stable than mm:cular anti-phase. Conversely, support for the perceptual view would 

be obtained if, regardless of the coordination of the hands, visual in-phase was more 

stable than visual anci-phase. 

6.2 Experiment Z 

In Experiment 2, individuals with PD and healthy age- and sex- matched controls 

performed the bima:1ual task with the compatible or incompatible visual feedback. In 

general, it was pred ceted that the coordination patterns of the individuals with PD would 

be more variable, less accurate, performed with smaller amplitudes, and performed with 

slower movement frequencies compared to those of healthy older adults. The motoric 

view would be supported if, regardless of the coordination of the flags, muscular in-phase 

was more stable than muscular anti-phase. In contrast, the perceptual view would be 
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supported if, regardles~• of the coordination of the hands, visual in-phase would be more 

stable than visual anti- phase. If the perceptual view was supported, then it was expected 

that muscular anti-pha;e coordination by individuals with PD would benefit from visual 

feedback that was visually in-phase. 

7. Summary 

The purpose o~'this thesis is to investigate the basis of the preferred phase 

relationship stability ir1 bimanual coordination in young adults, healthy older adults, and 

individuals with PD. A better understanding of the mechanisms of bimanual coordination 

patterns would be ber eficial on a theoretical and a practical level. This research will 

contribute generally t<> the theoretical understanding of the dynamical systems theory of 

bimanual coordination and more specifically, toward an understanding of the control of 

coordinated movemer1ts in PD populations. Ultimately, it is hoped that this research may 

aid in the developmer1t of rehabilitative programs. For example, if the perceptual view of 

bimanual coordination is supported and incompatible visual information enhances motor 

performance, then this understanding could be the basis for rehabilitation interventions. 

Regardless, clarifica:ion of the mechanisms ofbimanual coordination in PD will aid in 

the development of interventions. Therefore, the rationale for the experiments presented 

in this thesis is to provide insight into the mechanisms of upper limb coordination by 

examining the moto~ic and perceptual views of bimanual coordination. 
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Abstract 

A recent study <Mechsner, Kerzel, Knoblich, & Prinz, 2001) suggested that in­

phase coordination is the most stable bimanual coordination pattern because of its 

perceptual qualities and not because homologous muscle groups are activated 

simultaneously (as previous research suggests). The present experiment investigated 

whether the basis of preferred phase relationship stability in bimanual coordination in 

healthy young adults is perceptual or motoric in nature. Twenty right-handed healthy 

young adults (Mage::= 19.5) performed continuous horizontal linear movements at 1.5 

and 2.0 Hz. The goal of the task was to move two flags visually in-phase or visually anti­

phase by coordinating the upper limbs in in-phase or anti-phase. In a compatible 

condition, the visual1y perceived movement direction of the flags (e.g., visual in-phase) 

corresponded to the 1novement of the upper limbs (e.g., muscular in-phase). In an 

incompatible condition, the visualJy perceived movement direction of the flags (e.g., 

visual in-phase) was opposite to the movement ofthe upper limbs (e.g., muscular anti­

phase). If the basis cfbimanual coordination is motoric, then regardless of the visual 

information provided by the movement of the flags, muscular in-phase would be more 

stable than muscular anti-phase. Ifthe basis of bimanual coordination is perceptual, then 

regardless of the movement of the upper limbs, in-phase visual information provided by 

the movement of the flags would be more stable than anti-phase visual information. 

Measures of relative phase accuracy and stability and movement amplitude and 

frequency provided support for the motoric view of bimanual coordination. In addition, 

with incompatible visual feedback, muscular anti-phase coordination destabilized while 
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muscular in-phase remained stable. These findings strongly support the motoric view and 

provide potential support for the perceptual view of bimanual coordination. In addition, 

the findings emphasizt: the importance of compatibility between upper limb coordination 

and visual feedback, particularly during muscular anti-phase coordination. 
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The Basis ofBimam.al Coordination in Healthy Young Adults: The Perceptual versus 

Motoric View 

The majority of activities performed daily require some degree of coordination 

between the upper limbs (e.g., tying shoelaces, typing, washing hair, and driving). These 

tasks require that the hands and arms to work together, coordinating their movements to 

achieve the goals of the task. In order to understand the basic characteristics of the 

interlimb coordinated movements that underlie these functional tasks, quantifiable and 

controllable laborato1y tasks have been devised. 

Dynamical pattern theory has provided a viable theoretical framework to examine 

upper limb coordination (Haken, Kelso, & Bunz, 1985). A tenet of this theory is that 

during coordinated movements of the upper limbs in the horizontal plane (parallel to the 

frontal plane of the hody ), there is an intrinsic tendency to perform one of two 

coordination patterns (Kelso, 1984; Schoner & Kelso, 1988; Turvey, 1990; Yamanishi, 

Kawato, & Suzuki, l980). These patterns, referred to as in-phase and anti-phase 

coordination, are imrinsic, as they do not require practice to be performed well (Scholz, 

1990). In-phase coordination refers to symmetrical movements made simultaneously with 

both upper limbs towards and away from the longitudinal axis of the body, whereas anti­

phase coordination refers to both upper limbs simultaneously moving from one side of 

the longitudinal axis of the body to the other, and always in the same direction. 

A common method of quantifying coordinated movement between the two limbs 

is by measuring relative phase. This measurement describes the latency of one limb with 

respect to the cycb of the other limb during a cyclical coordination pattern. In-phase 
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coordination is quantified by 0- degrees relative phase and anti-phase coordination by 

180- degrees relative p11ase. The stability and accuracy of coordinated performance can 

be quantified by measuring the standard deviation and absolute mean error of relative 

phase, respectively (Kay, Saltzman, & Kelso, 1991 ). Research with healthy young adults 

indicates that these twJ intrinsic coordination patterns are more stable and more accurate 

than all other phase relations, with in-phase coordination being the more stable and 

accurate of the two (Byblow, Chua & Goodman, 1995~ Carson, 1995~ Kelso, 1984; Riek, 

Carson & Bylow, 1992; Summers, Semjen, Carson, & Thomas, 1995; Swinnen, 

Dounskaia, Verschueren, Serrien, & Daelman, 1995). 

The relative stability of these coordination modes becomes apparent when 

individuals perform the patterns at frequencies faster than preferred, when they attempt to 

switch from one patt~:m to another, or when they try to learn a new coordination pattern. 

Increasing movement frequency affects the stability of anti-phase coordination more than 

it affects in-phase coordination, eventually resulting in a destabilization of anti-phase 

coordination (Byblow et al., 1995~ Kelso, 1984~ Lee, Blandin & Proteau, 1996; Riek et 

al., 1992~ Schmidt & Lee, 1999; Swinnen, 2002). Depending on task instructions, 

increasing movement frequency may eventually result in an involuntary transition from 

anti-phase to in-pha~•e coordination (Kelso, 1984 ). However, involuntary transitions from 

in-phase to anti-pha~;e coordination are rare (Kelso, 1984 ). The greater stability of in­

phase coordination makes voluntary switches from in-phase to anti-phase coordination 

more difficult (as measured by movement time) than voluntary switches in the reverse 

direction (Byblow, Summers, Semjen, Wuyts, & Carson, 1999~ Carson, Byblow, 



Abernethy, & Summer~;, 1996; Scholz & Kelso, 1990). Due to the stability of in-phase 

and anti-phase coordimtion, intermediate patterns are difficult to perform and require 

extensive practice to learn (Fontaine, Lee, & Swinnen, 1997; Lee, Swinnen, & 

Verschueren, 1995; Zanone & Kelso, 1992). 
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Currently, then: exists a controversy in the literature as to why in-phase and anti­

phase coordination are preferred over all other phase relations. The widely accepted 

motoric view suggests that the preferred phase relationship stability in bimanual 

coordination is explained by muscular activity (Carson, Riek, Smethurst, Lison Parraga, 

& Byblow, 2000; Kelso, 1984; Park, Collins, & Turvey, 2001; Swinnen, Jardin, 

Meulenbroek, Dounskaia, & Hotkens-Van Den Brandt, 1997; Swinnen, Steyvers, Van 

Den Bergh, & Stelmach, 2000; Swinnen, Van Langendonk, Verschueren, Peeters, Dom, 

& de Weerdt, 1997). This view suggests that in-phase performance is the most stable and 

accurate of all possible coordination tendencies because homologous muscle groups are 

activated simultaneously (muscular in-phase) whereas; anti-phase performance is more 

variable because non- homologous muscle groups are activated simultaneously (muscular 

anti-phase). 

This motoric view of bimanual coordination has recently been challenged by 

Mechsner, Kerzel, Knoblich, and Prinz (2001). They propose that the characteristics of 

bimanual coordination are not explained by muscular activity but rather by how the 

movements are visually perceived. The perceptual view stems from research showing that 

rhythmically in-phase objects were visually perceived to be more stable than 
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rhythmically anti-phase objects (Zaal, Bingham, & Schmidt, 2000). This original research 

suggests that the visual perception of the phase relationship between two objects may 

play a fundamental role in the stability ofinterlimb coordination (Zaal et al., 2000). 

Mechsner et al.'~, (2001) perceptual view ofbimanual coordination suggests that 

the perceptual qualities of the movement dominate over muscular activity. Specifically, 

movements that are pen:eived visually to be mirror symmetrical are preferred over 

alternate coordination tt::ndencies, regardless of the movement of the limbs producing the 

movement. For instance, in-phase coordination is the most stable ofthe coordination 

patterns because it is vi!>ually perceived to be mirror symmetrical (visually in-phase), 

whereas anti-phase coordination is more variable than in-phase because it is visually 

perceived to be asymmetrical (visually anti-phase). 

Mechsner et al. (2002) provided support for their perceptual view of bimanual 

coordination through a series of experiments with healthy young adults. Three 

experimental paradigm;; were used: a finger oscillation task, a bimanual finger-tapping 

task and a bimanual circle drawing task, in which the goal for each task was visually 

defined. All experiments showed that regardless of the movement of the effector, 

performance was most stable with movements that were visually in-phase. In addition, 

increases to movement frequency resulted in involuntary transitions from visual anti­

phase to visual in-phase coordination. Based on these findings, Mechsner et al. (2001) 

concluded that the vistal perceptual qualities of the movement dominate over muscular 

activity. 
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There are a few :nethodological issues associated with the experiments conducted 

by Mechsner et al. (200 l) that may have biased their results. One shortcoming was that 

participants were able to see the movement of their upper limbs. Therefore, it is not clear 

whether participants co ~centrated on the visual perceptual goals of the task or 

concentrated on coordinating the effectors (e.g., fingers) in order to perform movements 

that were visually in-phase or visually anti-phase. Another potential confounding factor 

involved the timing requirements of the tasks. The finger oscillation and bimanual finger 

tapping tasks were externally paced by an auditory metronome. However, the bimanual 

circle drawing task wa~; internally paced resulting in considerable variation in movement 

frequency between participants, between coordination patterns and between compatibility 

conditions. In an attempt to improve stability and accuracy of movements that were 

visual in-phase, participants may have performed this pattern at a slower movement 

frequency. Therefore, 1t may have appeared that visual in-phase was more stable than 

visual anti-phase. However, this may be attributable to a speed-accuracy trade off. 

In general, despite these methodological limitations, this perceptual view has 

challenged the current understanding of the motoric basis ofbimanual coordination. The 

perceptual view has been successfully supported with healthy young adults and with 

specific experimental paradigms (Mechsner et al., 2001). However, it is unknown 

whether the perceptu2.l view can be extended to a different experimental task that 

addresses the methodl)logical issues presented in the Mechsner et al. experiments. The 

impetus for the present experiment was to determine whether the basis of bimanual 

coordination is perceptual or motoric, with a task typically used to study bimanual 
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coordination, such as a ltnear slide apparatus (Almeida, Wishart, & Lee, 2002; Hodges & 

Franks, 2002; Salter, Wishart, & Lee, 2001; Swinnen, Verschueren, Bogaerts, Dounskaia, 

Lee, Stelmach & Serrien, 1998; Verschueren, Swinnen, Dom, & de Weerdt, 1997; 

Wishart, et al., 2000; Wishart, Lee, Cunningham, & Murdoch, 2002). 

The purpose of this experiment was to determine whether the characteristics of 

bimanual coordination are better explained by the widely accepted motoric view or by the 

recently proposed perceptual view. The motoric and perceptual views of bimanual 

coordination were contrasted by requiring participants to perform tasks executed on a 

linear slide apparatus. The goal of the task was to coordinate two flags in in-phase 

(visual in-phase) or anti-phase (visual anti-phase) by moving the upper limbs 

continuously linearly nnd horizontally in in-phase (muscular in-phase) or anti-phase 

(muscular anti-phase) coordination. The comparison of the motoric versus perceptual 

view was based on tht: relationship of the movement of the flags and the movement of the 

upper limbs. The flag; could be attached to the apparatus to become compatible or 

incompatible with tht:: movement of the upper limbs. In the compatible condition, the 

visual information pr<)Vided by the movement of the flags corresponded with the 

movement of the uprer limbs (e.g., muscular in-phase corresponded with visual in-phase 

and muscular anti-pllase corresponded with visual anti-phase). In the incompatible 

condition, a 180- degree transformation between the right flag and the right hand 

dissociated the visw.l information provided by the movement of the flags with the 

movement of the upper limbs (e.g., muscular in-phase corresponded with visual anti­

phase and muscular anti-phase corresponded with visual in-phase). 
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Movements wen: externally paced at a slow (1.5 Hz) and fast (2.0) frequency. It 

was predicted that support for the motoric view of bimanual coordination would be 

obtained if regardless of the visual information provided by the movement of the flags, 

muscular in-phase was more stable than muscular anti-phase coordination. Furthermore, 

muscular in-phase would remain stable with increasing movement frequency while 

muscular anti-phase performance would deteriorate. These findings would support 

previously reported studies in favour ofthe motoric view of bimanual coordination (i.e., 

Kelso, 1984; Swinnen et al., 1997; Swinnen et al., 2000). In contrast, it was predicted that 

support for the percep1:ual view of bimanual coordination would be obtained if regardless 

of the coordination of the upper limbs, movements that were visually in-phase would be 

more stable than mov~~ments that were visually anti-phase. Furthermore, visually in-phase 

movements would remain stable with increasing movement frequency and visual anti­

phase performance would deteriorate. 

Methods 

Participants 

Twenty-one <12 female, 9 male) young adults recruited from an undergraduate 

Kinesiology course at McMaster University (M age=19.5 years, range= 19-23 years) 

volunteered to parti ~ipate in this experiment. One participant was eliminated from data 

analyses due to equipment problems, hence only the data from 20 of the 21 participants 

was included in the statistical analyses. Participants were free from neurological, 

cognitive, and upper limb problems and had not previously participated in a similar 
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experiment. All participants read and signed a consent form prior to testing and received 

an honorarium of$10.00 (Cdn). This experiment received ethical approval from the 

Research Ethics Board at McMaster University. 

All participants were strongly right-handed (M=26, range=23-27), as determined 

by the Waterloo Handedness Questionnaire (Bryden, 1977) (Appendix). The Minnesota 

Manual Dexterity Tunting test was performed to assess interlimb coordination (American 

Guidance Services, 1969; Lafayette Instrument Company). All participants were within 

age-expected norms on this test. 

Apparatus and Task 

The goal of the task was to coordinate the movement of the two flags in visual in­

phase or visual anti-phase by continuously moving two slide carriages linearly and 

horizontally with the upper limbs. The slide carriages were mounted on ball bearing 

casings and slid horizontally and in front of the participant's torso. Each slide had an 11 

em plastic molded handgrip bolted vertically to the middle of its' surface. The apparatus 

was secured to a tal: le with double sided tape and C-clamps. 

Participants sat on a height-adjustable, non-swivel chair with their body midline 

centered between the two sliding devices. To move the slide carriages, participants 

grasped the handgrips with their hands without resting their wrists on the slide carriage. 

The seat height was adjusted so that when subjects grasped the handgrips, their elbows 

were flexed to an angle of approximately 90- degrees. 
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The slide carriages and the participants' hands were hidden from view by a 

horizontal wood platf01m that was placed 18 em above the slide carriages (Figure 1). To 

prevent participants frcm watching their upper limb movements, a cloth bib extended 

from the proximal edge of the wood platform and was secured with safety pins behind the 

participants' neck. The cloth bib did not interfere with the movements of the upper limbs. 

Visual feedback was ~rovided by two vertical fluorescent yellow flags (2 em wide, 10 em 

high) located 1 em be;rond the distal edge of the wood platform. In the compatible 

condition, one flag w~.s attached directly to each slide carriage so that the movements of 

the flags corresponded to the movement of the hands. For example, muscular in-phase 

and muscular anti-phase corresponded with visual in-phase and visual anti-phase, 

respectively. In the i11compatible condition, the left flag was attached directly to the left 

side carriage so the movement of the left flag corresponded to the left hand. The right 

flag extended from a chain and pulley system that was attached to the right slide carriage 

so that the movement of the right hand and right flag was transformed by 180-degrees. 

Therefore, in the incompatible condition, the visual information provided by the 

movement of the flags was opposite to the movement of the upper limbs. For example, 

muscular in-phase corresponded with visual anti-phase and muscular anti-phase 

corresponded with visual in-phase (Figure 2). Depending on the compatibility condition, 

the right flag was either attached to the slide carriage (compatible condition) or the chain 

and pulley system (incompatible condition). 

Two 16 em regions were marked on the wood platform directly in front of the 

flags, to indicate tbe boundaries between which the flags were to be moved. The points 
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closest to the body midline were referred to as the "in" positions and the maximum lateral 

points were referred to as the "out" positions. These "in" and "out" markers were visible 

to the participants throughout the experiment. Each slide carriage could be moved a 

maximum horizontal d1stance of22 em (i.e., 3 em beyond the amplitude goal for both the 

"in" and "out" position:;). The total distance between the "in" positions for each limb was 

20 em and the total distance between the "out" positions for each limb was 52 em (the 

two 16 em regions plu~ the 20 em between the two "in" positions). 

To encode the displacement of the upper limbs and to measure relative phase, 

linear potentiometers <BEl Electronics Company, model612R12KL.08) were attached in 

parallel to the slide carriages. An A-D converter transferred the information from these 

linear potentiometers to a microprocessor. Participants were asked to perform one 

complete cycle of the respective movement pattern in time with an auditory metronome. 

The Lab Windows software program (National Instruments Corporation) was customized 

to control the initiation and termination of each trial, the frequency ofthe metronome, 

and to record displacement data over time at 200Hz. The auditory metronome signal was 

heard through earphones attached to a tone generator (Lafayette Instrument Company). 

Procedure 

The goal of the task was to coordinate the movement of two flags by continuously 

moving two slide carriages linearly and horizontally with the hands, in the requested 

movement pattern at the specified frequencies. Two bimanual coordination patterns (in­

phase and anti-phase) were performed at slow (1.5 Hz) and fast (2.0 Hz) frequencies (as 
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paced by an external metronome) with compatible or incompatible visual feedback. 

These eight conditions were performed four times for a total of32 trials. The length of 

each trial was 20 sand the inter-trial interval was approximately 15 s. The total duration 

of the experiment, including instructions and collection of demographic information and 

motor characteristics was approximately 45 minutes. 

Irrespective of the compatibility condition, task instructions were related to the 

movement of the flags. For example, visual in-phase required both the left and right flags 

to move away from and toward the body midline, simultaneously. Visual anti-phase 

required the left flag to move towards the midline of the body while the right flag moved 

away from it, and viet: versa. These patterns were described both verbally using a 

standard set of instructions and through demonstration by the experimenter using two 

model flags. For the ir1compatible condition, no reference was made to the 180- degree 

transformation between the right flag and right hand. 

Participants initially practiced in-phase coordination at a frequency they 

considered to be corrfortable and that would allow for their best performance. The 

practice session took approximately 5 minutes and finished once participants performed 

within 15- degrees of the intended phase relationship. All participants were able to 

perform the requested pattern following practice. The auditory metronome was then 

provided through the earphones and described as an aid to help pace the desired 

movement frequency. Participants practiced one trial at 1.0 Hz in order to familiarize 

themselves with the metronome. They then practiced one trial each at 1.5 Hz and 2.0 Hz 

For each beat of the metronome, participants were required to move both flags one 
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complete cycle (i.e., from the 'in' positions to the 'out' positions and back to the 'in' 

positions). For in-phase coordination, they were asked to have both flags at the 'in' 

position coincident with each beat of the metronome. For anti-phase coordination, they 

were asked to have the left flag at the 'in' position and the right flag at the 'out' position on 

the metronome beat. Participants were instructed to move the flags in a rhythmic, fluid 

manner without stopping, and to maintain their pace with the metronome beat. In 

addition, they were im.tructed to keep the flags between the amplitude boundaries. 

Further instructions were given to 'stay' with the coordination pattern in which 

participants started th·oughout the trial. If participants made an involuntary transition 

away from the intended coordination pattern they were to try and reacquire the original 

pattern. 

Throughout the experiment the participants were reminded to concentrate on the 

goal of coordinating the flags visually in-phase or visually anti-phase. In addition, 

participants were reminded to keep in time with the metronome beat. After completing 

each compatibility c,Jndition, participants were ask to describe what they focused their 

attention on during the trials. 

Although it was expected that the compatible condition would yield similar 

results to previous findings, it was necessary to include this condition to ensure that in­

phase and anti-phase coordination could be reproduced with the present experimental set­

up1. It was possible that either compatibility condition would affect the ability to perform 

the other compatibility condition. In order to eliminate an effect of order of compatibility 

1 
Mechsner et al., (200 I) did not include an equivalent 'compatible' condition for the circle drawing task. 
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conditions, half the participants (n=lO) performed the compatible condition followed by 

the incompatible condition while the other half performed the incompatible condition 

followed by the compatible condition. 

Participants performed 16 compatible and 16 incompatible condition trials, for a 

total of 32 trials. Within each compatibility condition, bimanual coordination patterns 

were counterbalanced for order (ABBA BAAB). A 1.5 Hz trial was always followed by a 

2.0 Hz trial of the same coordination pattern. Therefore, for each compatibility condition, 

four trials were collected for each coordination pattern at each frequency. All participants 

were scheduled a 15 minute rest between compatibility conditions, at which point they 

completed the Waterloo Handedness Questionnaire (Bryden, 1977). During this time and 

unbeknown to the par:icipants, the right flag was removed from the chain and pulley 

system and reattached to the slide carriage for the compatible condition or removed from 

the slide carriage and reattached to the chain and pulley system for the incompatible 

condition. 

Data Analyses 

Data were transferred from Lab Windows to DaDisp software program for 

analyses. Relative phase between the movement of the hands was used to measure 

interlimb coordination. This measure captures the relative time at which one limb 

advances through its movement cycle in relation to the advancement of the other limb 

through its cycle dur[ng a continuous task. To compute relative phase, the velocities and 

amplitude of the right and left limbs were rescaled to the interval ( -1, 1) for each cycle of 



oscillation. The phase ~lngles for each limb and a continuous estimate of relative phase 

was computed using the formula developed by Scholz and Kelso (1989, p. 129). 

<l>=tan-1[dX.R/dt)IXR]-tan-
1
[dX.Jdt)/XL], 
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where <l> is the relative phase between limbs for each sample, X is the position of the limb 

within a cycle rescaled to the interval (-1,1), (dX!dt) refers to the normalized 

instantaneous velocity, and Rand L are the right and left limbs, respectively. The mean 

of the relative phase angle over each cycle provided a measure of average relative phase 

for a trial. In the compatible condition, muscular in-phase and anti-phase coordination 

corresponded with limb relative phase measures of 0- and 180- degrees, respectively. In 

the incompatible condition, visual in-phase (muscular anti-phase) and visual anti-phase 

(muscular in-phase) corresponded with limb relative phase measures of 180- and 0-

degrees, respectively. In the interest of consistency, all results are reported with respect 

upper limb coordina1ion. 

To quantify accuracy of relative phase, the absolute mean error score was 

calculated as the umigned difference between the observed mean and the goal relative 

phase (0- or 180- de.¥ees) for each trial; the more accurate the performance, the lower the 

absolute mean error score. The standard deviation ofthe individual measures of relative 

phase about the scores that comprised a trial mean provided a measure of consistency 

(coordination stability); the lower the score, the more consistent the performance. Overall 

performance error of relative phase was measured using root mean square error (RMSE), 

calculated using th{: formula: 

RMSE =~standard deviation of relative phase2 + absolute mean error of relative phase
2 



The observed movement frequency and amplitude were analyzed to provide an 

average of movement speed and amplitude of movement during each trial. 
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Involuntary phase transitions were identified by the point at which relative phase 

first deviated from the intended pattern by more than ±30 degrees (which is 

approximately equival1~nt to twice the standard deviation under most of the anti-phase 

conditions examined in Experiment 1 in Wishart et al., 2000) for a minimum of2 s. 

Statistical analyses were performed using analyses of variance (ANOVA). All 

ANOV A's were mixecl designs, with Order of presentation of the compatibility 

conditions (incompatible-compatible, compatible-incompatible) as the between-group 

factor and all other variables as within-group factors. Relative phase was analyzed by a 2 

Condition ( compatibk, incompatible) X 2 Phase (muscular in-phase, muscular anti­

phase) X 2 Frequenc) (1.5, 2.0 Hz) ANOV A. Frequency and amplitude of movement 

was analyzed using a 2 Condition (compatible, incompatible) X 2 Phase (muscular in­

phase, muscular anti-phase) X 2 Frequency (1.5, 2.0 Hz) X 2 Hand (left, right) mixed 

design. Tukey' s HSD post hoc comparisons were performed on al1 significant effects and 

interactions. For all t1~sts, alpha was set at .05. 

If the motoric view is the basis of bimanual coordination, then it was predicted 

that there would be a main effect for Phase, in that muscular in-phase would be more 

stable and accurate than muscular anti-phase. A main effect related to Condition was not 

expected. It was hypothesized that there would also be a two-way interaction between 

Phase and Frequenc), with muscular anti-phase becoming less stable and inaccurate at 

the faster frequency but muscular in-phase remaining equally stable and accurate at both 



50 

frequencies. If the perceptual view is the basis of bimanual coordination, it was 

hypothesized that there would be a three-way interaction between Condition, Phase, and 

Frequency. Specificall~r during the compatible condition, muscular in-phase would be 

more stable than muse 1lar anti-phase but during the incompatible condition, muscular 

anti-phase would be more stable than muscular in-phase. 

Results 

Relative phase accura9;:: Statistical analysis of the absolute mean error of relative phase 

(accuracy) revealed S"gnificant main effects for Phase [F (1, 18) = 81.69, p < .05], 

Condition [F (1, 18) == 20.94, p = < .05], and Frequency [F (1, 18) = 25.94, p < .05]. 

Overall, the absolute mean error of relative phase was significantly greater for muscular 

anti-phase (M= 26.1 '')than for muscular in-phase coordination (M= 9.2°). This effect is 

consistent with previous studies (Kelso, 1984). The compatible condition (M= 14.6°) was 

performed with sign ,ficantly greater accuracy than the incompatible condition (M= 21.5°) 

and trials at the slower movement frequency (M= 15.5°) were performed with 

significantly greater accuracy than the faster movement frequency (M= 20.5°). 

The ANOVA revealed significant two-way interactions for Condition X Phase (E. 

(1, 18) = 23.28, p < .05] and Phase X Frequency [E (1, 18) = 28.58, p < .05]. Post hoc 

comparisons of the Condition x Phase interaction confirmed that muscular anti-phase was 

significantly less accurate during the incompatible condition (M= 33.2°) than the 

compatible condition (M= 19.5°), whereas muscular in-phase was performed with 
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relatively equal accuracy for both compatibility conditions (M= 10.2°, 7.7°, respectively). 

For the Phase x Frequency interaction, post hoc analysis revealed that the difference 

between relative phase accuracy for the 1.5 and 2.0 Hz trials was negligible for muscular 

in-phase (M= 8.7°, 8.7', respectively) whereas, muscular anti-phase was significantly less 

accurate at 2.0 Hz (M= 31.1 °) than at 1.5 Hz (M= 22.4°). 

Relative phase standard deviation: Similar main effects and interactions observed for 

absolute mean error of relative phase were observed for the standard deviation (stability) 

of relative phase. Overall, the compatible condition (M= 1 0.2°) was significantly more 

stable than the incomr,atible condition (M= 19.4°) [E (1, 18) = 46.7, p < .05], and 

muscular in-phase (M= 7.6°) was significantly more consistent than muscular anti-phase 

coordination (M= 22.0°) [E (1, 18) = 140.32, p < .05]. A main effect for Frequency [E (1, 

18) = 17.27, p < .05) indicated that an overall loss of stability was associated with the 

demands of increasing movement frequency (1.5 Hz M= 13.2° and 2.0 Hz M= 16.4°). 

A two-way interaction between Condition and Phase [E (1, 18) = 64.5, p < .05) 

was significant. Post boc comparisons revealed that while muscular in-phase was equally 

stable for both compatibility conditions (compatible M= 6.2° and incompatible M= 9.0°), 

muscular anti-phase was significantly less stable for the incompatible (M= 29.9°) than the 

compatible conditio11 trials (M= 14.1 °). 

An interactio:1 between Phase and Frequency [E ( 1, 18) = 20.71, p < . 05] revealed 

that muscular in-pha ;;e was perfonned with equal stability at both movement frequencies 

(1.5 Hz M= 7.6° and 2.0 Hz M= 7.6°), whereas muscular anti-phase was performed with 
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significantly greater variability at the faster than the slower movement frequency (1.5 Hz 

M= 18.8° and 2.0 Hz~~= 25.2°). Therefore, stability in bimanual motor performance was 

associated with increased accuracy of relative phase. 

Root Mean Sguare Em>r of Relative Phase: Analysis of overall relative phase 

performance error (R1fSE) revealed similar significant main effects and interactions as 

those found for accuracy and stability of relative phase. Main effects for Condition IE (1, 

18) = 31.00, n < .05], "?base IE (1, 18) = 107.83, n < .05] and Frequency IE (1, 18) = 

23.95, n < .05] were obtained. Significantly greater performance error was associated 

with the incompatible (M= 28.9°) compared to the compatible condition (M= 16.9°), with 

muscular anti-phase (M= 33.7°) compared to muscular in-phase coordination (M= 12.1 °), 

and with the faster (~1= 25.6°) compared to the slower movement frequency (M= 20.2°). 

A two-way interaction between Phase and Frequency [.E (1, 18) = 26.07, n < .05] 

revealed that while there was a negligible difference between performance error for 

muscular in-phase at both frequencies (1.5 Hz M= 12.1 o and 2.0 Hz M= 12.2°), muscular 

anti-phase coordinatmn was performed with significantly greater error for the 2.0 Hz (M= 

39.5°) compared to 1he 1.5 Hz (M= 27.8°) frequency trials. 

A two-way interaction between Condition and Phase IE (1, 18) = 43.46, n < .05] 

was also significant (Figure 3). Post hoc comparisons confirmed that for muscular in­

phase coordination, there was no significant difference in performance error between 

each compatibility wndition (compatible M= 11.3° and incompatible M= 14.6°). For 

muscular anti-phase coordination, significantly greater performance error was associated 

with the incompatible condition (M= 45.0°) compared to the compatible condition (M= 
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23.8°). Therefore, muscular anti-phase was adversely affected by in-phase visual 

information while mus:ular in-phase coordination was unperturbed by anti-phase visual 

information. 

All three measures of relative phase failed to reveal any significant main effects 

or interactions associated with Order. Regardless of which compatibility condition was 

performed initially, subsequent performance of the other compatibility condition was not 

affected. That is, perfi)rming the coordination patterns with compatible visual feedback 

did not adversely affe,;;t the ability to subsequently perform the patterns with a 180-

degree transformatior, and vice versa. 

All three merumres of relative phase approached conventional levels of 

significance for an interaction between Condition, Phase, and Frequency (e.g., RMSE IE 

(1,18) = 4.07, lY .os:m (Figure 4). This three-way interaction indicates that for the 

compatible conditio11 muscular in-phase (M= 10.2°) and muscular anti-phase (M= 19.6°) 

were performed with equivalent relative phase error for the 1.5 Hz trials. Muscular in­

phase coordination was performed equally well at both movement frequencies (2.0 Hz 

M= 10.5°), whereas muscular anti-phase coordination was performed with greater error 

for the faster (M= 2~'.6°) than the slower (M= 19.5°) movement frequency. Results from 

the incompatible condition suggest that in general, muscular anti-phase was performed 

with greater error th m muscular in-phase. Muscular in-phase was performed with 

equivalent error for both movement frequencies (1.5 Hz M= 14.52° & 2.0 Hz M= 

14.06°), whereas muscular anti-phase coordination was performed with greater error 

during the faster (M= 52.6°) than the slower (M= 37.5°) movement frequency. This 
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marginally significant three-way interaction indicated that compared to the compatible 

condition, muscular an:i-phase was less accurate and less stable with visual information 

that was visual in-phas,~. However, incompatible visual anti-phase information did not 

destabilize muscular ir.-phase performance. 

Amplitude: The target amplitude was 16 em for the right and left hands. The analysis of 

observed movement amplitude resulted in significant main effects for Phase [F (1,18) = 

15.53, p < .05] and H~:.nd II (1, 18) = 75.49, Q < .05]. Significantly larger amplitudes 

were observed for muscular in-phase (M= 14.0 em) compared to muscular anti-phase 

coordination (M= 13.5 em) and for the dominant right hand (M= 14.6 em) compared to 

the non-dominant left hand (M= 12.9 em). A main effect for Frequency indicated that an 

increase in movement frequency was associated with a significant decrease in movement 

amplitude II (1, 18) == 10.34, p < .05] (1.5 Hz M= 13.9 em and 2.0 Hz M= 13.6 em). 

Statistical aru,lysis yielded a significant interaction for Phase x Frequency x Hand 

II (1, 18) = 4.5, Q < .05] (Figure 5). Post hoc analysis confirmed that significantly larger 

amplitudes were produced by the dominant, right hand than by the non-dominant, left 

hand. Overall, the largest amplitude for both hands was produced during muscular in­

phase coordination trials at the slower movement frequency and the smallest amplitude 

was produced during muscular anti-phase coordination at the faster movement frequency. 

Therefore, both hands were closer to the target amplitude during performance of the most 

stable coordination pattern at the slower movement frequency. 



There was no rrain effects or interactions with compatibility Condition on 

amplitude. 
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Frequency: The target movement frequencies were 1.5 Hz (slow) and 2.0 Hz (fast). A 

main effect for Frequency confirmed that the difference between the two frequencies was 

significant (M= 1.5 Hz and 1.9 Hz, respectively). Main effects for Condition [E (1, 18) = 

12.61, 11 < .05] and Phase IE (1, 18) = 19.6,11 < .05] indicated that the more stable the 

coordination pattern or compatibility condition, the faster the movement frequency. 

Overall, the compatible condition was performed at a significantly faster frequency than 

the incompatible condition (M= 1.7 and 1.7 Hz, respectively) and muscular in-phase was 

performed at a significantly faster frequency (M= 1. 7Hz) than muscular anti-phase 

coordination (M= 1.7 Hz, respectively). These findings indicate that the less stable the 

coordination pattern, the smaller the movement amplitude and the slower the movement 

frequency. 

A main effect for Hand was marginally significant (I (1, 18) = 4.04,11 = .059]. 

The observed trend Sllggests that the dominant, right hand moved at a slightly faster 

frequency than the non-dominant, left hand. These findings suggest that amplitude and 

frequency of movement were larger for the dominant right hand compared to the non­

dominant left hand. 

Two-factor interactions were found for Condition X Phase (I (1, 18) = 18.07,11 < 

.05], Condition X fr,equency [E (1, 18) = 10.78, 11 < .05] and Phase X Frequency IE (1, 

18) = 27.32, 11 < .05]. Since a significant three-factor interaction between Condition, 
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Phase and Frequency U: (1, 18) = 11.35, 12 < .05] was also observed only the latter effect 

will be described (Figure 6). Post hoc comparisons revealed that participants were able to 

perform muscular in-phase coordination at the requested frequencies during both 

compatibility conditio11s (compatible conditions, 1.5 Hz M= 1.5 Hz, and 2.0 Hz M= 2.0 

Hz; incompatible cond:tions, 1.5 Hz M= 1.5 Hz and 2.0 Hz M= 2.0 Hz). However, 

participants were only able to perform muscular anti-phase coordination at the requested 

frequency during the compatible condition at 1.5 Hz (M= 1.5 Hz). For the 2.0 Hz 

compatible condition ( M= 1. 9 Hz) and for both frequencies for the incompatible 

condition (1.5 Hz M= 1.4 Hz and 2.0 Hz M= 1.7 Hz), participants were significantly 

slower than the target metronome pace for anti-phase coordination. Overall, participants 

were significantly slower than the target frequency during muscular anti-phase 

coordination for the ir,compatible condition at 2.0 Hz. This finding suggests that 

decreases in stability and accuracy of bimanual coordination associated with the 

incompatible condition resulted in significant decreases to movement frequency. 

A three-factor interaction between Condition, Frequency and Hand was also 

significant [E (1, 18) ,= 5.4, .Q < .05]. This interaction suggests that participants moved 

both hands at the requested frequency for the compatible condition but were significantly 

slower during the incompatible condition regardless of pattern. 

Involuntary switches: No trials met the predetermined criterion set for an involuntary 

transition. 
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Discussion 

The purpose of this experiment was to determine whether the basis of bimanual 

coordination stability h healthy young adults is best explained by the widely accepted 

motoric view (Carson, et al., 2000; Kelso, 1984; Park et al., 2001; Swinnen, Jardin et al., 

1997; Swinnen et al., L.OOO; Swinnen, Van Langendonk, et al., 1997) or the recently 

proposed perceptual view (Mechsner et al., 2001). If the motoric view is the basis of 

bimanual coordination, then it was expected that muscular activity would explain the 

stability of motor perfilrmance. That is, regardless of the visual information provided by 

the movement of the flags, muscular in-phase would be more stable than muscular anti­

phase, particularly at 1he faster movement frequency. If the perceptual view is the basis of 

bimanual coordination, then it was expected that the visual information would explain the 

stability of motor coo ~dination. That is, movement patterns performed with visual in­

phase feedback would be more stable than movement patterns performed with visual anti­

phase feedback, particularly at the faster frequency. 

In general, all three measures of relative phase provided support for the motoric 

view of bimanual coordination. For both compatibility conditions both intrinsic patterns 

were performed with equivalent stability and accuracy at the slower movement 

frequency. While muscular in-phase coordination was performed with equal stability and 

accuracy for both mcvement frequencies, muscular anti-phase performance deteriorated 

at the faster movement frequency for both compatibility conditions. These findings 

support previous rest:arch in favour of a motoric view of bimanual coordination (Byblow 

et al., 1995; Kelso, 1984; Swinnen 2002; Swinnen et al., 1995). Results from the 
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incompatible condition (in which the flags provided visual information that was opposite 

to the movement of the upper limbs) reveal that similar to the compatible condition, 

muscular in-phase was performed with greater stability and consistency than muscular 

anti-phase particularly at the faster movement frequency The results from the amplitude 

and frequency data also provide support for the motoric view. Results indicate that the 

more stable and accurate the coordination pattern, the closer performance was to the 

target amplitude and frequency For example, movement frequency and amplitude were 

closest to their respective targets for muscular in-phase coordination at the slower 

movement frequency during the compatible condition. Therefore, these findings suggest 

that muscular activation determines the stability of bimanual coordination rather than the 

visual perceptual qualities ofthe movement. 

Although results in general support the motoric view, there was some evidence 

that visual perceptual information influences movement characteristics. An original 

premise of the present experiment based on Mechsner et al. (200 1) was that if the 

perceptual view was correct, then the results would have indicated that when visual in­

phase information was provided in the incompatible condition, the performance of 

muscular anti-phase would be stable and accurate. However, the opposite happened in 

that in this situation the performance became less stable and accurate (e.g., Figures 3 and 

4 ). A further sign of instability was that movement frequency was significantly slower 

than the faster target frequency during performance of muscular anti-phase coordination 

with in-phase visual information (e.g., Figure 6). It might be argued that participants were 

unable to move at the faster frequency during the incompatible condition, however, 



participants were able to perform muscular in-phase at the faster frequency with visual 

anti-phase feedback. 

59 

It is possible that this instability could be explained as a response to an 

incompatible signal. But in this experiment, an incompatible signal ofvisual anti-phase 

information did not destabilize muscular in-phase performance. Chua and Weeks (1997) 

propose that the concepts of compatibility should be incorporated into dynamical systems 

theory to assess stability in coordination. That is, compatibility between the perceived 

movement direction and the movement of the upper limbs may be instrumental in 

determining the stability of motor behaviour (Buekers, Bogaerts, Swinnen, & Helson, 

2000; Chua & Weeks, 1 997). Indeed, the present findings show that when visual 

information provided by the flags was incompatible to the movements of the upper limbs, 

performance stability decreased for muscular anti-phase coordination. It may be possible 

that the powerful in-phase visual information was having an effect on the dynamics of the 

motor system by acting as an attractor that was destabilizing the motor pattern. From 

previous studies on bimanual coordination (Kelso, 1984; Scholz & Kelso, 1990), it is 

known that limb coordination tends to destabilize prior to a phase transition. It is possible 

that muscular anti-phase was destabilized as a result ofthe attraction of the in-phase 

visual information. ln summary, on the surface, the experimental prediction based on 

Mechsner et al. ' s work was not supported. But, nevertheless, there seems to be some 

support for the role of visual perceptual dominance in certain circumstances such as when 

the visual information is cueing in-phase and the motor system is somewhat destabilized, 

such as with the anti-phase pattern. 
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A possible reason why Mechsner et al. (200 1) found strong support for the 

perceptual basis of bimanual coordination and the present experiment found only weak 

support may be because the perceptual view may be task specific. For example, in one 

experiment the finger task involved isolated abduction and adduction of the index fingers , 

which is motorically very challenging. The bimanual circle-drawing task dissociated the 

perceived movement of the flags from the movement of the upper limbs by having the 

right flag move at a faster frequency than the right hand. This was a complex task that 

took a considerable amount of practice to learn and consequently may not have examined 

the intrinsic coordination patterns per se. The perceptual view may be task specific and 

may not be generalized to other experimental paradigms. 

A potential argument for why the present experiment did not have strong support 

for the perceptual view is that linear slide apparatus may not have adequately dissociated 

the visual information provided by the flags from the movement of the upper limbs. 

Considering it is impossible to completely dissociate proprioception from action a 

number of precautions were taken to increase participants' focus of attention to the visual 

feedback provided by the movement of the flags and thereby away from the movement of 

their upper limbs. For example participants were instructed and reminded throughout the 

experiment to ' concentrate on coordinating the flags in the correct pattern ', no reference 

was made to the movements of the hands, and a cloth bib prevented participants from 

watching the movement of their arms. As well, visual indicators instead of physical 

stoppers marked the end points of the movement Nevertheless, the friction of the slides 

and the changing of directions at the end points of the linear movements may have 
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increased participants' attention to the movement of the upper limbs. In addition, it 

should be noted that following each compatibility condition, participants stated that they 

concentrated on the m(Jvement of the flags for the 'majority' of each trial. However, there 

is no way to confirm empirically where participants focused their attention. Therefore, 

participants may have ~;imultaneously concentrated on the visual information provided by 

the flags and the proprioceptive information from the upper limbs, instead of just the 

visual perceptual information, which may have been important in order to support the 

perceptual view. 

The perceptual basis of bimanual coordination received minimal support in the 

present experiment. However, this view may be supported with a different task and with 

changes to the methodology. Although the prediction that visual in-phase information 

would improve the stability of muscular anti-phase was not supported when movements 

were performed in the horizontal plane (parallel to the frontal plane of the body), it may 

be supported when movements are performed in the vertical plane (orthogonal to the 

frontal plane of the body). Indeed, Bogaerts et al. (2002) found that in the vertical plane, 

performance with vimal in-phase information was more stable than with visual anti­

phase information and that muscular anti-phase performance is improved with visual in­

phase feedback. Therefore, it appears that under certain task conditions, the perceptual 

qualities of the movement may dominate over muscular activity. 

In addition to the possibility that the basis for bimanual coordination may vary 

depending on task, it is also possible that the attributes of the person may impact on how 

coordinated limb m:>vements are generated. For example, the perceptual view may be 
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supported with patient populations who are reliant on visual information to facilitate 

continuous movement performance, such as deafferented patients (Lajoie et al., 1992) 

and individuals with PD (Byblow et al., 2002; Cunnington, Iansek, Bradshaw, & Phillips, 

1995). Deafferented patients who do not experience interference between proprioceptive 

and visual feedback are better able to adapt to visual information (e.g., mirror drawing 

task) that is incompatible with the actually generated movement than are healthy controls 

(Lajoie et al., 1992). Individuals with Parkinson's disease are more dependent on visual 

information provided by the environment than are healthy older adults. As a result, these 

patient populations are likely to be more stable with visual in-phase feedback than visual 

anti-phase feedback, lending for the perceptual view of bimanual coordination. 

In summary, the findings from this experiment strongly support the widely 

accepted motoric view and provide only potential support for the perceptual view of 

bimanual coordination. In addition, these findings emphasize the importance of 

compatibility betweer upper limb coordination and visual feedback, particularly during 

muscular anti-phase coordination. 
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Figure Captions 

Figure 1: Illustration of apparatus 

Figure 2: Illustration of compatible and incompatible conditions 

Figure 3: RMSE of relative phase: Condition x Phase 

Figure 4: RMSE of relative phase: Condition x Phase x Frequency 

Figure 5: Amplitude: Phase x Frequency x Hand 

Figure 6: Frequency: Condition x Phase x Frequency 
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Figure 1. Illustration of apparatus. Participant is wearing a cloth bib to block vision of their upper limbs. Hatched flag 
indicating set up for the incompatible condition. 
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Figure 2. Illustration of compatible and incompatible conditions 
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Abstract 

Currently, contr:>Versy in the literature exists as to whether the basis of stability of 

bimanual coordination 1S perceptual or motoric. That is, are intrinsic patterns stable due 

to muscular activity or due to the perceptual qualities of the movement. Considering 

individuals with PD are dependent on visual information to facilitate movement 

production, it was pred,cted that the perceptual view might be favoured more in this 

population than in a group of age- and sex- matched controls. Nine right-handed 

individuals with PD (N; age= 71.78, stage 2-4 on the Hoehn and Yahr scale) and 9 right 

handed healthy age- ani sex- matched controls (Mage= 70.78) performed continuous 

horizontal and linear movements at 1.0 and 1.5 Hz. The goal of the task was to coordinate 

two flags visually in-phase or visually anti-phase by coordinating the upper limbs in in­

phase or anti-phase. In a compatible condition, the perceived movement direction of the 

flags (e.g., visual in-phase) corresponded to the movement of the upper limbs (e.g., 

muscular in-phase). In an incompatible condition, the visual information provided by the 

flags (e.g., visual in-phase) was opposite to the movement of the upper limbs (e.g., 

muscular anti-phase). Contrary to predictions, measures of relative phase accuracy and 

stability revealed that 1he motoric view of bimanual coordination was supported in both 

the individuals with PD and in the healthy controls. Muscular in-phase and muscular anti­

phase coordination de~;tabilized with incompatible visual feedback. Therefore, the 

findings strongly supp:>rt the motoric basis of bimanual coordination stability in 

individuals with PD. Furthermore these findings emphasize the importance of 
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compatibility between upper limb movements and visual feedback to ensure stability of 

the intrinsic coordination patterns for individuals with PD. 
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The Basis of Bimanual Coordination in Individuals with Parkinson's disease: The 

Perceptual versus Motoric View 

The majority of daily activities require the integrated performance of the upper 

limbs. Activities such a.s tying shoelaces, washing hair, dressing, or preparing a meal, all 

require the hands and arms to work together, coordinating their movements so that the 

goals of the task are achieved. With age and the onset of disease maintenance of the 

ability to perform coodinated tasks with the upper limbs is an essential component to 

remain independent. However, individuals with Parkinson's disease (PD) exhibit 

decrements in their ab1lity to perform coordinated movements with the upper limbs (e.g., 

Almeida, Wishart, & Lee, 2002; Johnson, Cunnington, Bradshaw, Phillips, Iansek, & 

Rogers, 1998). As the disease progresses, these individuals are at risk for becoming more 

dependent and may eventually require continual care. 

The rationale for this experiment is to provide a further understanding of the 

mechanisms of the up;>er limb coordination deficits associated with PD. The 

identification of the mechanisms underlying the specific motor control deficits associated 

with PD is the first step in developing rehabilitation programs to improve/maintain 

coordinated movemer: t. 

Upper limb coordination literature suggests that the human motor control system 

possesses an intrinsic tendency to perform two modes of bimanual coordination, called 

in-phase and anti-pha~;e coordination (Kelso, 1984; Schoner & Kelso, 1988; Turvey, 

1990; Yamanishi, Kawato, & Suzuki, 1980). During continuous movements ofboth 

upper limbs in the hmizontal plane, in-phase coordination refers to symmetrical 



80 

movements made towards and away from the longitudinal axis of the body, whereas anti­

phase coordination ref(:rs to movements made in the same direction from one side of the 

longitudinal axis of the body to the other. In healthy young adults, in-phase coordination 

is performed with greater accuracy and consistency than anti-phase movements, 

especially at faster movement frequencies (Byblow, Chua & Goodman, 1995; Kelso, 

1984; Lee, Blandin, & Proteau, 1996; Riek, Carson & Byblow, 1992). Compared to 

healthy young adults, older adults are as accurate and stable during in-phase coordination 

but perform anti-phase movements with greater mean error and variability, particularly at 

movement frequencie:; faster than preferred (Greene & Williams, 1996; Salter, Wishart, 

& Lee, 2001; Wishart, Lee, Cunnington, & Murdoch, 2002; Wishart, Lee, Murdoch, & 

Hodges, 2000) 

The decreased stability of upper limb coordination of individuals with PD 

becomes apparent when these individuals perform the patterns at frequencies faster then 

preferred, when they attempt to switch from one pattern to another, or when they try to 

learn a new coordination pattern. Compared to older adults, individuals with PD are as 

accurate and stable in their performance of in-phase coordination but perform anti-phase 

coordination with greater mean error and variability, particularly at frequencies faster 

than preferred (Almeida et al., 2002; Geuze, 2001; Johnson et al., 1998; van den Berg, 

Beek, Wagenaar, & van Wieringen, 2000). In general, coordinated movements are 

performed more slowly (bradykinesia) (Morris, 2000) and involuntary transitions from 

anti-phase to in-phase coordination occur at significantly lower movement frequencies 

compared to those of healthy older adults (Byblow, Summers, Lewis, & Thomas, 2002). 
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Individuals with PD take significantly longer to voluntarily switch between coordination 

patterns, exhibiting greater difficulty switching from in-phase to anti-phase coordination 

than vice versa (Almeida, 1999). Individuals with PD also perform coordinated 

movements with smaller amplitudes (hypometria) (Byblow et al., 2002; Swinnen, Van 

Langendonk, Verschm:ren, Peeters, Dom, & de Weerdt, 1997). Individuals with PD are 

able to learn new coordination patterns with the upper limbs, but they never reach the 

performance levels of healthy older adults (Swinnen, Steyvers, Van Den Bergh, & 

Stelmach, 2000). 

Despite the fa<:t that anti-phase performance deteriorates with age and with PD, 

in-phase and anti-pha!:e coordination still remain more stable than all other phase 

relations. Currently in the literature there exists controversy as to why this is so. The 

predominant motoric view suggests that the mechanisms of bimanual coordination are 

explained by muscular activity (Carson, Byblow, Abernethy, & Summers, 1996; Johnson, 

et al., 1998; Kelso, 1984; Park, Collins, & Turvey, 2001; Swinnen, Jardin, Meulenbroek, 

Dounskaia, & Hofkens-Van Den Brandt, 1997). This view suggests that in-phase 

performance is more stable and more accurate than other coordination patterns because 

homologous muscle groups are activated simultaneously (muscular in-phase), whereas 

anti-phase coordination is more variable because non-homologous muscle groups are 

activated simultaneously (muscular anti-phase). 

This motoric view has recently been challenged based on research by Mechsner 

and colleagues (Mech.sner, Kerzel, Knoblich, & Prinz, 2001). They propose that the 

visual perceptual qualities of movement dominate over the muscular activity required to 
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perform the movement. Specifically, movements that are visually perceived to be 

symmetrical are prefen ed over alternate coordination tendencies, regardless of the 

movement of the limbs producing the movement. This view suggests that in-phase 

performance is the more stable and more accurate than other coordination patterns 

because it is visually perceived to be symmetrical (visual in-phase), whereas anti-phase 

coordination is more variable because it is visually perceived to be asymmetrical (visual 

anti-phase). 

A previous study conducted in our lab (Salter, Wishart, Lee, & Simon, 2002), 

examined the motoric versus perceptual views of the basis of bimanual coordination in 

healthy young adults. ~lhe goal of the task was to coordinate two flags in in-phase (visual 

in-phase) or anti-phase (visual anti-phase) by continuously moving the upper limbs 

linearly and horizontally in in-phase (muscular in-phase) or anti-phase (muscular anti­

phase) coordination. A comparison of the motoric versus perceptual view was based on 

the relationship betwe~n the movement of the flags and the movement of the upper limbs. 

The flags could be attached to the apparatus to become compatible or incompatible to the 

movement of the upper limbs. In the compatible condition, the visual information 

provided by the movement of the flags corresponded with the movement of the upper 

limbs (e.g., muscular in-phase corresponded with visual in-phase and muscular anti-phase 

corresponded with visual anti-phase). In the incompatible condition, a 180- degree 

transformation between the right flag and right hand dissociated the visually perceived 

movement direction fi·om the movement of the upper limbs (i.e., muscular in-phase 

corresponded with visual anti-phase and muscular anti-phase corresponded with visual 
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in-phase). These coordination patterns were externally paced at a slow (1.5 Hz) and fast 

(2.0 Hz) movement frequency. Results indicated that regardless of the movement of the 

flags, muscular in-phase was more stable than muscular anti-phase. In addition, muscular 

anti-phase destabilized while muscular in-phase remained stable with incompatible visual 

information. Although results in general supported the motoric view, there was some 

evidence that visual perceptual information influenced the movement characteristics. The 

results from this study and from Mechsner et al. (200 1) support the idea that the basis of 

bimanual coordination is dependent on the task constraints and the motor control abilities 

of the individual. 

It has been well documented that individuals with PD are extremely reliant on 

visual information to facilitate continuous movement performance (Byblow, et al., 2002; 

Cunnington, Iansek, Bradshaw, & Phillips, 1995; lansek, Bradshaw, Phillips, 

Cunnington, & Morris, 1995; Kritikos, Leahy, Bradshaw, Iansek, Phillips, & Bradshaw, 

1995; Morris, 2000; Praamstra, Stegeman, Cools, & Horstink, 1998). For example, 

external visual cues Stich as lined paper have improved hypometric handwriting (Oliveira, 

Gurd, Nixon, Marshall, & Passingham, 1997), white lines placed on the floor 

perpendicular to the direction of movement have improved gait velocity and stride length 

(Dietz, Goetz, & Stebbins, 1990; Martin, 1967), and visual information about 

performance significantly improved learning of a new bimanual coordination pattern 

(Verschueren, Swinne:n, Dom, & Weerdt, 1997). Visual information also provides a 

strategy to compensate for a PD-related decline in proprioception (Demirci, Grill, 

McShane, & Hallett, 1996; Schneider, 1991; Schneider, Diamond, & Markham, 1987; 
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Swinnen et al., 2000). Given that individuals with PD are reliant on visual information 

for many types of movement tasks, the perceptual view may be the basis of bimanual 

coordination characteri:;tics for this patient population. An understanding of the basis of 

bimanual coordination in PD (whether motoric or perceptual) will increase the 

understanding ofPD, which in tum will aid in the development of rehabilitative 

interventions. 

The purpose of this experiment was to determine whether the characteristics of 

bimanual coordination in individuals with PD are best explained by the widely accepted 

motoric view or the recently proposed perceptual view. The methodology was similar to 

that used by Salter et al. (2002) with the exception that the boundary markers between 

which the flags were to move were made more salient and movements were externally 

paced at a slow (1.0 lli) and a fast (1.5 Hz) movement frequency (instead of at 1.5 and 

2.0 Hz). These movem•mt frequencies were chosen based on pilot testing which revealed 

that healthy older adults and individuals with PD were unable to perform the 

incompatible condition trials at frequencies faster than 1.5 Hz. The 1.5 Hz movement 

frequency was chosen to allow for the possibility of comparison of performance between 

the healthy young adul:s from Salter et al. (200 1) and the participants from the present 

experiment. 

In general, it was predicted that regardless of the compatibility condition, 

coordination performance of the individuals with PD would be less accurate, less stable, 

and produced with a snaller amplitude (hypometria) and slower movement frequency 

(bradykinesia), particuarly at the 1.5 Hz trials, compared to healthy older adults. 
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It was predicted that if the motoric view is the basis ofbimanual coordination for 

individuals with PD, then regardless of the perceived movement direction ofthe flags, 

muscular in-phase wou' d be more stable and more accurate than muscular anti-phase. In 

addition, muscular in-pnase would remain stable with increasing movement frequency 

and involuntary transitions away from muscular anti-phase would occur. In contrast, if 

the perceptual view is tne basis of bimanual coordination for individuals with PD, then 

regardless of the move1nent of the hands, visual in-phase would be more stable and more 

accurate than visual an·ti-phase. Specifically, visual in-phase would remain stable with 

increasing movement frequency, and involuntary transitions away from visual anti-phase 

would be evident. Con:;equently, it was anticipated that muscular anti-phase performance 

would benefit from visual feedback that was visually in-phase. 

Based on the findings from Salter et al. (2002), it was predicted that muscular in­

phase would be equall~r stable and accurate for both compatibility conditions. However, 

because individuals with PD are dependent on visual information, it was predicted that 

muscular anti-phase would destabilize with visual in-phase information, even more than 

it does for healthy old€:r adults. 

Methods 

Participants 

Nine (5 female, 4 male) individuals diagnosed with idiopathic PD (M age=71.78 

years, range=57-85) and nine age- and sex- matched healthy older adults (M age=70.78 

years, range=57-88) pmicipated in this experiment. Individuals with PD were recruited 
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from a rehabilitation program in Hamilton, Ontario. Healthy older adults were spouses of 

the individuals with PD or volunteers at a continuing care hospital located in Hamilton, 

Ontario. All participants were community dwelling and independently functioning. 

Participants were excluded if they had neurological disturbances (other than PD in the 

experimental group), cognitive impairment (below 23 on the Mini Mental Status 

Examination), (Folstein, Folstein, & McHugh, 1975), hearing loss, visual impairment, or 

suffered from upper limb problems such as arthritis. No participants had previous 

experience with the task.. In addition, individuals with PD were excluded if they had a 

Hoehn and Yahr score .~eater than 3 (Hoehn & Yahr, 1967). From an initial sample of 11 

participants with PD, two were excluded from analysis because they were unable to 

coordinate the flags in ·the correct phase relationship following the practice session. 

All participants read and signed a consent form prior to testing and received an 

honorarium of$10.00 (Cdn). Upon completing the experiment, participants were 

debriefed and thanked. This experiment received ethical approval from the Research 

Ethics Board at McMa:;ter University and the Research Committee at St. Peter's Hospital. 

All participants were right-handed (PD, M=24.11 range=21-27, control M=26, 

range=25-27), as detennined by the Waterloo Handedness Questionnaire (Bryden, 1977) 

(Appendix). General measures of motor control and cognitive functioning were collected 

to ensure that participants were representative of their age-group norms. The following 

tests were performed on all participants (Table 1 ): the Mini-Mental Status Examination 

(MMSE) (Folstein, et ~ll., 1975) was used as a screening tool for mental status (minimum 

acceptable score 23) (Appendix), the Physical Activity Scale for the Elderly (P ASE) 
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(Washburn, Smith, Jette & Janney, 1993) was used to determine levels of physical 

activity and health and The Minnesota Manual Dexterity Turning test (MMDT) 

(American Guidance Services, 1969; Lafayette Instrument Company) provided a general 

measure of manual dexterity. Performance on the MMDT for both participant groups was 

compared to established reference values for older adults (Desrosiers, Rochette, Herbert, 

& Bravo, 1997). Individuals with PD were additionally assessed on the Unified 

Parkinson's Disease Raring Scale (UPDRS) (Fahn & Elton, 1987) to determine the 

severity of symptoms ar1d the Modified Hoehn and Yahr Staging scale (Hoehn & Yahr, 

1967) to determine the overall severity ofPD (Appendix). The healthy older adults 

scored within the age-expected norms on each of these measures. The individuals with 

PD were within the ag(:-expected norms for the MMSE and the PASE but were 

significantly slower than the age-expected norms for the MMDT. Indicative of 

bradykinesia, the individuals with PD took on average approximately twice as long to 

complete the MMDT. Two individuals with PD and their age- and sex- matched controls 

completed the MMDT but they could not be scored on the P ASE as the questionnaire 

only provides norms for participants over 65 years of age. 

All participant!; with PD were taking levodopa, with or without other medication 

and their medication schedules were stable. The last dose oflevodopa was taken 0.5 

hours before the expe1iment and demographic information was collected for the first half 

hour. This timetable ensured that the bimanual coordination task was performed a 

minimum of one hour following medication administration, during the 'on' stage of the 

medication cycle. 



The duration ofPD ranged from 3 to 30 years (M= 8.67 years). The severity of 

PD was rated at stage 2 to 3 according to the Hoehn and Yahr Scale (Hoehn & Y ahr, 

1967) (Table 1). On th~ UPDRS, the mean subscore was 3.5 (range, 2-6) on section I 

(mentation, behaviour and mood), 18.6 (range, 9-29 .5) on section n (activities of daily 

living), and 37.7 (rangf:=26-51) on section III (motor examination). The maximum 

possible subscore for e:tch of these sections is 16, 52, and 56, respectively, with higher 

scores reflecting greater impairment. Three individuals with PD were most affected on 

the left side of the body, 2 on the right side of the body and 4 were equally affected on 

each side of the body. 

Apparatus and Task 
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The apparatus and task were similar to those described in Salter et al., (2002) with 

the exception black flags were added at the 'in' and 'out' boundary markers and 

movements were exte::nally paced at 1.0 Hz and 1.5 Hz. Specifically, two 16 em regions, 

directly in front of the flags, marked the boundaries between which the flags were to be 

moved. The points closest to the body midline were referred to as the "in" positions and 

the maximum lateralDoints were referred to as the "out" positions. The black flags (1.5 

em wide, 9. 5 em high) extended vertically from the distal edge of the wood platform at 

the "in" and "out" positions. Participants were instructed to move the yellow flags behind 

the black flags before switching direction. This modification to the apparatus from Salter 

et al. (2002) was added in an attempt to further draw participants' attention to the visual 

feedback provided by the movement of the yellow flags. 
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Procedure 

The procedure was similar to the procedure followed by Salter et al., (2002) with 

the exception that movements were externally paced at 1.0 and 1.5 Hz (instead of 1.5 and 

2.0 Hz), and all participants performed all the trials for the incompatible condition 

followed by all the trials for the compatible condition. The frequency of movement was 

decided upon based on previous experiments (Almeida, et al., 2002; Byblow et al., 2002; 

Geuze, 2001; Johnson et al., 1998) and pilot testing with the healthy older adults. In pilot 

testing at frequencies fhster then 1.5 Hz, participants had difficulty performing the 

incompatible condition trials. 

The length of each trial was 20 sand the inter-trial interval was approximately 20 

s. The total duration of the experiment, including instructions and collection of 

demographic information and motor characteristics, was approximately 90 minutes for 

the individuals with PD and 60 minutes for the healthy age- and sex-matched controls. 

All participants who were included into the statistical analyses were able to 

perform the requested ·Jattern following practice. 

Although it wa~; expected that the compatible condition would yield results 

similar to previous findings with older adults and individuals with PD (i.e., Greene & 

Williams, 1996; Johns,Jn et al., 1998; Wishart et al., 2000), it was necessary to include 

this condition to ensure that in-phase and anti-phase coordination could be reproduced 

with the present expen mental set-up. In the previous experiment by Salter et al. (2002), it 

was anticipated that the order of the compatibility conditions would influence 
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performance. However, statistical analyses did not reveal a main effect for Order 

suggesting that the incompatible condition did not affect the ability to perform the 

compatible condition and vice versa. As a result, all participants in the present 

experiment performed the incompatible condition followed by the compatible condition. 

As with Salter et al., (2002) participants performed 16 incompatible condition 

trials followed by 16 compatible condition trials, for a total of32 trials. Within each 

compatibility condition, bimanual coordination patterns were counterbalanced for order 

(ABBA BAAB). A 1.0 Hz trial was always followed by a 1.5 Hz trial of the same 

coordination pattern. Therefore, for each compatibility condition, four trials were 

collected for each coordination pattern at each frequency. The healthy older adults were 

scheduled a 15 min res1 between compatibility conditions, at which point they completed 

the PASE. Individuals with PD were scheduled a half hour rest between compatibility 

conditions, at which point the experimenter conducted the UPDRS. During this time and 

unbeknown to the parti ;;ipants, the right flag was removed from the chain and pulley 

system and reattached to the slide carriage for the compatible condition. 

Data Analyses 

Data analyses was the same as for Salter et al., (2002). Statistical analyses were 

performed using analy~es of variance (ANOVA). All ANOVA's were mixed designs, 

with Group (Parkinson's disease, healthy controls) as the between-group factor and all 

other variables as within-group factors. Relative phase was analyzed in a 2 Condition 

(compatible, incompat1 ble) X 2 Phase (muscular in-phase, muscular anti-phase) X 2 
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Frequency (1.0, 1.5 Hz) ANOVA. Frequency and amplitude of movement was analyzed 

using a 2 Condition (compatible, incompatible) X 2 Phase (muscular in-phase, muscular 

anti-phase) X 2 Frequency (1.0, 1.5 Hz) X 2 Hand (left, right) mixed design. Tukey's 

HSD post hoc comparisons were performed on all significant effects and interactions. For 

all tests alpha was set at . 05. 

It was hypothesi zed that main effects for Group for all dependent measures would 

be obtained, showing that individuals with PD are less stable and less accurate, perform 

with smaller amplitudes, and are slower than the healthy older adults. If the motoric view 

is the basis of bimanual coordination, then it was hypothesized there would be a main 

effect for Phase, showing that muscular in-phase is more stable and accurate than 

muscular anti-phase. A main effect for Condition was not expected. It was hypothesized 

that there would also be two-way interactions between Group and Frequency, with 

individuals with PD being less stable and less accurate at the faster frequency, between 

Group x Phase interaction, with individual with PD being less stable and accurate during 

muscular anti-phase and between Phase and Frequency, with muscular anti-phase 

becoming less stable and accurate at the faster frequency. If the perceptual view is the 

basis of bimanual coordination then it was hypothesized that there would be a three-way 

interaction between condition, phase and frequency, in which during the compatible 

condition, muscular in-phase would be more stable than muscular anti-phase, but during 

the incompatible condit1 on, muscular anti-phase would be more stable than muscular in­

phase. 
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Results 

Relative phase accun!£Y: Statistical analysis ofthe absolute mean error of relative phase 

(accuracy) revealed a significant main effect for Group I! (1, 16) = 4.54, p < .05]. The 

individuals with PD (M= 29.8°) were not as accurate as the healthy age- and sex­

matched controls (M== 19.7°). Main effects for Condition I! (1, 16) = 15.82, p < .05], 

Phase I! (1, 16) = 12.15, Q < .05], and Frequency I! (1, 16) = 17.21, I!< .05] were also 

obtained. Participants were significantly more accurate for the compatible (M= 18.1 °) 

than the incompatible condition (M= 31.4 °), with muscular in-phase (M= 15. 7°) than 

muscular anti-phase (M= 33.8°) and with the slower (M= 20.7°) than the faster (M= 

28.9°) movement frequency. 

Figure 3 illustrates the significant two-way interaction between Phase and 

Frequency [.E (1, 16) == 9.59, p < .05]. Post hoc comparisons confirmed that the difference 

between relative phase accuracy for the 1.0 and 1.5 Hz trials was negligible for muscular 

in-phase (M= 14.7° and 16.7°, respectively) whereas, muscular anti-phase coordination 

was significantly less accurate at 1.5 Hz (M= 40.9°) than at 1.0 Hz (M= 26.7°). 

There were no significant interactions involving Group, specifically with 

Condition. The lack of a Group x Condition interaction suggests that differences in 

between the individuals with PD and the healthy older adults were similar for both 

compatibility conditions. Although there were no significant interactions with 

compatibility condition, a three-way interaction between condition, phase, and frequency 

approached significance I! (1, 16) = 3.68, Q = .07] and may have been significant with a 

larger sample size. Figure 4 demonstrates that regardless of the compatibility condition, 
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muscular in-phase tended to be more accurate than muscular anti-phase. Muscular in­

phase was performed with equivalent accuracy for both movement frequencies 

(compatible conditions, 1.0 Hz M= 9.9° and 1.5 Hz M= 12.4°~ incompatible conditions, 

1.0 Hz M=19.5° and l.5 Hz M=20.9°). The accuracy of muscular anti-phase decreased at 

the faster movement frequency, particularly for the incompatible condition (compatible 

conditions, 1.0 Hz M'= 20.8° and 1.5 Hz M= 29.5°; incompatible conditions, 1.0 Hz 

M=32.6° and 1.5 Hz ]\1=52.6°). In addition, the data suggests that during the 

incompatible condition, muscular in-phase was performed with similar accuracy 

compared to muscular anti-phase during the compatible condition. 

Relative phase standard deviation: Statistical analysis of the standard deviation of relative 

phase (stability) revealed main effects for Group (I (1, 16) = 8.41, p < .05], Condition (I 

(1, 16) = 39.32, p < .(15], and Phase (I (1, 16) = 25.54, p < .05]. Individuals with PD (M= 

21.34°) were significantly more variable in their coordinated movements than the healthy 

controls (M= 14.4°). All participants were significantly less stable during the 

incompatible (M= 23 0°) than the compatible condition (M= 12.7°) and with muscular 

anti-phase (M= 23.9°) than with muscular in-phase coordination (M= 11.8°). A main 

effect for Frequency was marginally significant (I (1, 16) = 3.44, p > .05] (1.0 Hz M= 

16.8°, 1.5 Hz M= 18.9°). 

Figure 5 illust~ates the two-way interaction between Group and Phase (I (1, 16) = 

5.22, p < .05]. Post hoc comparisons confirmed that muscular in-phase coordination was 

performed with equivalent stability for both participants groups (controls M= 11.0°; PD 



M= 12.5°) but that the individuals with PD performed muscular anti-phase with 

significantly less stability (M= 30.2°) than were the healthy older adults (M= 17. 7°). 
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Although there were no significant interactions with compatibility condition, a 

two-way interaction between Condition and Phase approached conventional levels of 

significance, suggesting that with a larger sample size statistical significance would be 

obtained [E (1, 16) = .3.59, .Q = .07] (Figure 6). Results suggest that there is a tendency for 

both muscular in-pha!;e (compatible condition M= 7. 7° and incompatible condition M= 

M= 15.8°) and muscular anti-phase (compatible condition M= 17.6° and incompatible 

condition M= 30.3°) 1o destabilize with incompatible visual information. 

Root Mean Square of Relative Phase: Analysis of overall relative phase performance 

error (RMSE) revealed main effects for Group U: (1, 16) = 5.57, .Q < .05], Condition [E 

(1, 16) = 21.83, .Q < .05], Phase [E (1, 16) = 15.39, .Q < .05], and Frequency [E (1, 16) = 

15.20, .Q < .05]. The individuals with PD performed with significantly greater error (M= 

37.1 °) than the healthy older adults (M= 24.7°). Greater performance error was associated 

with the incompatible (M= 39.5°) compared to the compatible condition (M= 22.3°), with 

muscular anti-phase(]~= 41.9°) compared to muscular in-phase (M= 19.8°), and with the 

faster (M= 34.9°) corrpared to the slower (M= 26.8°) movement frequency. 

A two-way interaction between Phase and Frequency [E (1, 16) = 8.75, .Q < .05] 

was significant. Post t.oc comparisons confirmed that while there was a negligible 

difference between performance error for muscular in-phase at both frequencies (1.0 Hz 

M= 18.7° and 1.5 Hz M= 20.9°), muscular anti-phase was performed with significantly 



greater error for the 1.5 Hz (M= 48.9°) compared to the 1.0 Hz (M= 34.9°) frequency 

trials. 
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Although ther,~ were no significant interactions with Group a two-way interaction 

between Group and Phase approached significance [E (1, 16) = 3.52, n = .07]. The data 

suggest that muscular in-phase coordination was performed equally well for both 

participant groups (ccntrols M= 18.9°, PD M= 20.7°) but that the individuals with PD 

performed muscular ~.nti-phase with greater error (M= 53.4°) than did the healthy older 

adults (M= 30.5°). 

AmQlitude: The targe:l amplitude was 16 em for the right and left hands. Statistical 

analysis of observed movement amplitude revealed a main effect for Group [E ( 1, 16) = 

6.29 n < .05]. This eflect showed that the amplitude of movement was significantly larger 

for the healthy older adults (M= 16.5 em) compared to the individuals with PD (M= 13.9 

em). A main effect for Frequency [E (1, 16) = 5.28, n < .05] indicated that an increase in 

movement frequency was associated with a significant decrease in movement amplitude 

(1.0 Hz M= 15.4 em and 1.5 Hz M= 15.0 em) 

Significantly I uger amplitudes were produced during the incompatible condition 

than during the compatible condition. This was evident in significant interactions 

between Condition and Phase [E (1, 16) = 7.35, Q < .05], Condition, Phase and Hand [E 

(1, 16) = 6.03, n < .05] (Figure 7), and Condition, Phase, Frequency and Hand [E (1, 16) 

= 14.02, Q < .05]. 



Significantly l~lrger amplitudes were observed for the dominant right hand (M= 

16.3 em) compared to the non-dominant left hand (M= 14.4 em)(!. (1, 16) = 3.65, Q < 

.05]. This result was cJnfirmed by significant two-way interactions for Phase and Hand 
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(!. (1, 16) = 7.34, Q < .05] and Frequency and Hand(!. (1, 16) = 7.55, Q < .05] and a 

marginally significant three-way interaction between Phase, Frequency, and Hand (!. ( 1, 

16) = 8.75, n = .054]. Post hoc comparisons confirmed that the amplitude of movement of 

the right hand was significantly larger than the left hand for both coordination patterns 

and at both movemem frequencies. 

Freguency: The target frequencies were 1.0 Hz (slow) and 1.5 Hz (fast). Significant main 

effects for Condition [E (1, 16) = 6.46 Q < .05] and Phase(!. (1, 16) = 9.2, n < .05] 

indicated that movement frequency was significantly faster during the compatible (M= 

1.2 Hz) than during the incompatible condition (M= 1.0 Hz) and for muscular in-phase 

(M= 1.1 Hz) than for muscular anti-phase coordination (M= 1.0 Hz). These findings 

suggest that the more stable the coordination pattern or compatibility condition, the faster 

the frequency of movement. A main effect for Frequency confirmed that the 1. 0 Hz trials 

were significantly slcwer (M= 0.96 Hz) than the 1.5 Hz trials (M= 1.2 Hz)(!. (1, 16) = 

50.67, 12 < .05]. 

A significant Group x Frequency interaction revealed that at 1.0 Hz, there was no 

significant differencf: between the two groups (controls M= .99Hz, PD M= .91Hz). At 

1.5 Hz, the individuals with PD were significantly slower than the target frequency 

(M=1.1 Hz) than the older adults (M=1.3 Hz) [E (1, 16) = 4.67, Q < .05]. 
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Two-way inte~actions between Condition and Frequency [E (1, 16) = 6.82, Q < 

.05] and between Pha~•e and Frequency [E (1, 16) = 9.71, Q < .05] confirmed that 1.5 Hz 

was faster than 1. 0 Hz. There was a negligible difference between the compatibility 

conditions (compatible condition M= .99Hz, incompatible condition M= .93Hz) and 

between the phase patterns (muscular in-phase M= .98Hz, muscular anti-phase M= .94 

Hz) at the slower movement frequency. However, at the faster movement frequency, 

muscular in-phase (M,=1.3 Hz) was significantly faster than muscular anti-phase (M= 1.2 

Hz) and the compatible condition was significantly faster (M=1.3 Hz) than the 

incompatible condition (M= 1.2 Hz). 

Involuntary transitions~ The operational definition of an involuntary phase transition was 

the point at which relative phase first deviated more than ±30 degrees from the intended 

pattern, for a minimum of 2 s. The total number of trials per condition, coordination 

pattern, and movement frequency were summed across each participant group, yielding a 

total of 36 trials. Table 2 illustrates the percentage of the 36 trials per group, 

compatibility condition, phase pattern and frequency, in which an involuntary transition 

away from the intende :1 pattern occurred. The greatest number of involuntary transitions 

was made during mus( ular anti-phase coordination at the faster movement frequency 

with in-phase visual feedback feedback. Within this particular condition, individuals with 

PD made an involuntary transition away from muscular anti-phase coordination on 33 % 

(12/36 trials) whereas ·:he healthy older adults made an involuntary transition away from 

muscular anti-phase on 27 % ( 10/36 trials). Involuntary transitions from muscular in-
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phase to muscular anti-phase were rare for both compatibility conditions. When an 

involuntary transition away from muscular anti-phase occurred for either compatibility 

condition, a clear tran!>ition to muscular in-phase was never observed. Instead, phase 

wandering and attempts to reacquire the correct phase relationship were evident, and 

possibly were due to the task instructions to try and maintain the instructed coordination 

pattern. These finding!> reflect the increased coordination demands when the visual 

information provided hy the movement of the flags is incompatible with the movement of 

the upper limbs, particularly when individuals are responding to in-phase visual 

information and moving in muscular anti-phase. 

Discussion 

The purpose of this experiment was to determine whether the basis of preferred 

phase relationship stability in bimanual coordination in individuals with PD is due to the 

widely accepted motoric view (Carson et al., 1996; Johnson et al., 1998; Kelso, 1984; 

Park et al., 2001; Swinnen et al., 2000; Swinnen, Jardin et al., 1997; Swinnen & Van 

Langendonk et al., I 997) or to the recently proposed perceptual view (Mechsner et al., 

2001 ). In light of the n,ct that individuals with PD are dependent on visual information to 

facilitate movement pr:>duction (i.e., Cunnington et al., 1995; Morris, 2000) and to 

compensate for a decline in proprioception (i.e., Schneider, 1991; Swinnen et al., 2000), 

it was predicted that the perceptual view ofbimanual coordination would be supported. If 

the motoric view is the basis of bimanual coordination, then it was expected that 

regardless of the visual information provided by the movement of the flags, muscular in-



phase would be more stable than muscular anti-phase. On the other hand, if the 

perceptual view is the basis of bimanual coordination, then it was expected that 

regardless of the movement of the upper limbs, movements that were performed with 

visual in-phase information would be more stable than with visual anti-phase 

information. 
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Analyses of relative phase accuracy and stability provided support for the motoric 

view of bimanual coordination for both the individuals with PD and the healthy age- and 

sex- matched controls. Regardless of the compatibility condition, muscular in-phase was 

more accurate and more stable than muscular anti-phase coordination. During the 

compatible condition, muscular in-phase was performed with equivalent accuracy for 

both movement freqm:ncies, whereas muscular anti-phase was performed with greater 

absolute mean error at the higher than at the lower movement frequency. During the 

incompatible conditio1 (in which the flags provided visual information that was opposite 

to the movement of the upper limbs), movements performed with visual anti-phase 

feedback were perfom1ed with equivalent accuracy for both movement frequencies, 

whereas movements performed with visual in-phase feedback were performed with 

greater absolute mean error at the higher than at the lower frequency. That is, similar to 

the compatible condition, muscular in-phase was performed with equivalent accuracy for 

both movement frequencies, whereas muscular anti-phase was performed with greater 

absolute mean error at the higher than at the lower movement frequency. The results from 

the amplitude and frequency data also provide support for the motoric view. For example, 

movement frequency a.nd amplitude were closest to their respective targets for muscular 



in-phase coordination at the slower movement frequency during the compatible 

condition. 
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Further support for the motoric view of bimanual coordination is provided by 

observation of the percent of trials in which an involuntary transition away from the 

intended pattern occmred (Table 2). Overall, the individuals with PD made the greatest 

number of involuntary transitions. Both participant groups made involuntary transitions 

away from muscular anti-phase coordination for both compatibility conditions. In 

particular the largest percent of involuntary transitions occurred when performing 

muscular anti-phase coordination with in-phase visual feedback at the higher movement 

frequency. In contrast, involuntary transitions away from muscular in-phase coordination 

were rare for either compatibility condition. Therefore, in support of previous research in 

favour of the motoric view (Kelso, 1984), regardless ofthe visual information provided 

by the movement of the flags, muscular in-phase was more stable than muscular anti­

phase coordination and there was a tendency for involuntary transitions away from 

muscular anti-phase to occur. 

Overall, these findings suggest that the stability of bimanual coordination for 

individuals with PD and for healthy older adults is determined by muscular activation 

rather than by the perceptual qualities of the movement. Similar results were obtained for 

the healthy older adult~; and for the individuals with PD. Although individuals with PD 

are dependent on vi sua I information to facilitate movement performance they did not 

depend on the visual information provided by the movement of the flags during the 

incompatible condition. These findings suggest that although PD is associated with a 
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decrease in coordination accuracy and stability, the basis of bimanual coordination is not 

changed. 

Although the results do not support the perceptual view there was some evidence 

that visual perceptual information influences motor performance. Based on the findings 

from Mechsner et al. (2001), it was predicted that stability and accuracy of muscular anti­

phase would increase with visual feedback that was visually in-phase. On the other hand, 

based on findings from Salter et al. (2002), it was predicted that the stability and accuracy 

of muscular anti-phase would decrease with visual feedback that was visually in-phase 

and that muscular in-phase would remain stable v•ith incompatible visual feedback. 

However, trends in the data suggest that both muscular anti-phase and muscular in-phase 

destabilized with incompatible visual information for both individuals with PD and the 

healthy CQntmls (e.g., Figure4 & 6). That is, visual perceptual information may have 

influenced the stability of motor activity. 

Compatibility between movement production and visual information provided by 

the environment may be a determining factor in the stability of bimanual coordination 

(Chua & Weeks, 1997). The present findings suggest that the intrinsic coordination 

patterns of older adults and individuals with PD are more susceptible to destabilization 

when there is incompatibly between upper limb coordination and visual feedback than are 

the young adults tested by Salter et al. (2002). 

Individuals with PD are dependent on visual information to facilitate motor 

performance (Byblow et al., 2002~ Cunnington et al., 1995~ Kritikos et al., 1995~ Morris, 

2000~ Praamstra et al., 1998) and to compensate for a PD related decline in 
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proprioception (Demirci et al., 1996; Schneider, 1991; Schneider et al., 1987; Swinnen et 

al., 2000). However, the results suggest that older adults and individuals with PD 

experience difficulty i::ttegrating incompatible visual information to facilitate movement 

performance. Althougn coordination performance deteriorates with incompatible 

feedback, these findings suggest that individuals with PD maintain the ability to perform 

the intrinsic coordina1ion patterns based on proprioceptive information. Therefore, these 

findings emphasize the importance of compatibility between visual information and 

motor performance, especially in patient populations reliant on visual information. 

Although the ·perceptual view of bimanual coordination stability was not 

supported, results confirm the fundamental differences between the coordination 

performance of individuals with PD and of healthy older adults. As predicted, the 

individuals with PD were significantly less accurate and less stable than the healthy older 

adults. While the individuals with PD did not exhibit bradykinesia at the lower movement 

frequency, they wen: significantly slower than the healthy older adults at the higher 

movement frequenc~r. The amplitude of movement was lower for the individuals with 

PD, indicative ofhyJometria. As well, the amplitude of movement of the dominant right 

hand was significantly greater than that of the non-dominant left hand for both participant 

groups. 

The present experiment only finds potential support for the perceptual view of 

bimanual coordinat1on for individuals with PD. It could be argued that the perceptual 

view may be suppo1ted if participant's focus of attention was further drawn towards the 

movement ofthe flags. For example, light diodes could be used instead of flags. In this 
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case, participants wou'd perform the task as before, however, they would also be required 

to report when the colour of the diode changed. This would increase the conscious 

control required to pet form the task and may possibly by-pass the defective basal ganglia. 

In conclusion, the present experiment strongly supports the motoric basis of 

upper limb coordinati [)n stability in individuals with PD and in healthy older adults. 

Furthermore these findings emphasize the importance of compatibility between upper 

limb movements and visual feedback to ensure stability of the intrinsic coordination 

patterns for individua Is with PD. 
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Table and Figure Captions 

Tables: 

Table 1: Demographi;; information on individuals with Parkinson's 

Table 2. Percent oftlle total 36 trials per block in which an involuntary transition 

away from the intended pattern occurred 

Figures: 

Figure 1: Illustration of apparatus 

Figure 2: Illustration of compatible and incompatible conditions 

Figure 3: Accuracy: Phase x Frequency 

Figure 4: Accuracy: Condition x Phase x Frequency 

Figure 5: Stability: Group x Phase 

Figure 6: Stability: Condition x Phase 

Figure 7: Amplitude Condition x Phase x Hand 
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"rable 1: Demographic information on individuals with Parkinson's disease 
Age Sex Hoehn Duration of Medication Dose Side of Current side UPDRS UPDRS UPDRS UPDRS MMS Controls 

& Yahr disease (yrs) onset affected I II III IV age 

73 F 2 4 Sinemet CR 100-25 4 x daily Left L=R 4 19 32 5 25 70 
Requip .25 mg 3 x daily 

80 F 2.5 3 Trihexyphendidyl HCI 2 r 1 x daily Right R>L 3 ;.!'1 .lO 4 "~ 
...... 
v.r.. 

Sinemet 100/25 mg 3 x daily 

79 F 3 30 Levodopa/sinemet 100/2 1 tablet 3 x dail Left L>R 2 14 27 0 28 77 
Bromocriptine 2.5 mg 1 tablet 3 x daily 

Selegiline HCI 5 mg 1 daily 

Amantadine 100 mg 1 daily 

85 M 3 5 Sinemet 100/25 5 x daily Right L=R 4 15 46 6 26 88 

76 M 3 7 Sinemet CR 200/50 3 x daily Right L>R 5 29.5 46.5 22 70 

Sinemet 100/25 1 x daily 

59 M 2.5 9 Sinemet CR 200/50 3 x daily Left L=R 3 20 31 6 29 57 

Sinemet 100/25 mg 1 x daily 

65 F 3 9 Sinemet CR 200/50 4 x daily Right R>L 3 19 45 1 22 65 

Amantadine 100 mg 2 x daily 

57 F 2 7 Selegiline 5 mg 2 x daily Left L>R 2 9 26 2 30 60 
Mirapex .5 mg 3 x daily 

72 M 2.5 4 Mirapex .5 mg 3 x daily Left L=R 6 20 51 11 27 68 

Prolopa 125 5 x daily 

72 2.61 8.67 25.78 70.78 

UPDRS=Unified Parkinson's disease Rating Scale 
!=Mentation, Behaviour and Mood 

II=Activities of Daily Living 

III=Motor Examination 

IV=Cornplications of Therapy --N 



Table 2. Percent of the total36 trials per block in which an involuntary transition away from the intended pattern occurred 

Compatible Condition Incompatible Condition 
Muscular Muscular Muscular Muscular Muscular Muscular Muscular Muscular 
in-phase in-phase anti-phase anti-phase in-phase in-phase anti-phase anti-phase 
1.0 Hz 1.5 Hz l.OHz 1.5 Hz l.OHz 1.5 Hz 1.0 Hz 1.5 Hz 

f T --1.o.t. •• -1 ;I~• ()0/.. no;,. 0% 11% 2.7% 5.5% 11% 27% .l.l"'Q.ltll)' \.JJU'-'.1 V'U 

adults 
Individuals 0% 0% 13% 22% 2.7% 5.5% 22% 33% 
with 
Parkinson's 
disease 

..... 

...... 
w 



Figure i. Illustration of apparatus. Participant is wearing a cloth bib to block vision of their upper limbs. Hatched flag 
indicating set up tor the incompatible condition. 

-.... 
~ 



Figure 2. Illustration of compatible and incompatible conditions 

Muscular 
in-Phase 

Compatible Condition Incompatible Condition 
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.......... __.. ............... . ................. .._. ......... . ···········--..············-·· ···········-+················· 

Muscular 
anti-Phase 

.......... __.. ............... . ........... __.. ............... . 

Movemen1 of the upper limbs 

···········-+················· ............ ._ ............... . 

····························· Visual information provided by the movement of the flags 
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General Conclusion 

The overall pwpose of the two experiments described in this thesis was to 

determine whether the basis of preferred phase relationship stability and accuracy of 

bimanual coordination is better explained by the widely accepted motoric view or by the 

recently proposed pen:eptual view. That is, are in-phase and anti-phase coordination 

patterns preferred over all other phase relations due to the activation of homologous 

muscle groups or to how the patterns are visually perceived? More specifically, is in­

phase coordination more stable than anti-phase coordination because homologous muscle 

groups are activated s 1multaneously or because the movement is visually perceived to be 

mirror symmetrical? In order to address these questions an experimental task was 

designed that could compare the motoric versus perceptual views. Healthy, young adults 

participated in Experiment 1 as a method of determining whether the perceptual view 

could be replicated with a different experimental task than that used by Mechsner et al. 

(200 1 ). To determine whether the results of this first experiment could be extended to a 

different population, individuals with PD and their healthy age- and sex- matched 

controls participated in Experiment 2. In light of the fact that individuals with PD are 

reliant on visual info::mation, it was predicted that the perceptual basis would be 

supported in this patient population. 

Overall, the motoric view of bimanual coordination was supported with healthy 

young adults and with the individuals with PD and the healthy older adults. For all 

participant groups, regardless of the visual information provided by the movement of the 

flags, muscular in-phase was more stable than muscular anti-phase coordination. These 
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findings suggest that muscular in-phase and muscular anti-phase coordination are 

preferred over all other phase relationships, possibly due to muscular activity and not to 

how the patterns are visually perceived. Furthermore, these findings suggest that the 

mechanisms of stability of bimanual coordination are similar for individuals with PD, 

healthy older adults, and healthy younger adults. 

Although results in general supported the motoric view, there was some evidence 

that the visual inform~Ltion provided by the movement of the flags influenced the stability 

of motor coordination. Based on the findings from Mechsner et al. (2001), it was 

predicted that visual h-phase information would increase the stability and accuracy of 

muscular anti-phase performance. However, healthy, young adults' performance of 

muscular anti-phase destabilized when the visual feedback provided by the movement of 

the flags was in-phas<:. In contrast, muscular in-phase coordination remained stable and 

accurate for both compatibility conditions. Healthy older adults and the individuals with 

PD were more influenced by the visual information provided by the movement of the 

flags than the health) young adults. Trends in the results suggest that when visual 

feedback did not match the movement of the upper limbs, muscular anti-phase and 

muscular in-phase performance destabilized. These findings emphasize the importance of 

compatibility between visual feedback and the movement of the upper limbs to ensure 

coordination stabili~r of the intrinsic coordination patterns. 

The results from the present experiments lend support to Chua and Weeks ( 1997) 

proposal that the concepts of compatibility should be incorporated in dynamic systems 

theory to assess stability of bimanual coordination. Compatibility between the visual 
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information provided hy the environment and the movement of the upper limbs may be 

instrumental in determining the stability of motor behaviour. As the compatibility 

between the perception and action is reduced, coordination stability decreases (Buekers et 

al., 2000~ Byblow, Chua, & Weeks, 1997). Indeed, when visual feedback was 

incompatible to the proprioceptive information from the upper limbs, stability of 

performance, particularly of muscular anti-phase performance, deteriorated. 

A comparison ofheallhy young and older adults and individuals with Parkinson's disease 

In order to det ~rmine if the results were consistent across experiments, the data 

from the 1.5 Hz trials from Experiments 1 and 2 were combined. A comparison of overall 

performance error be1ween the healthy young adults, individuals with PD and healthy 

older adults was conducted at 1.5 Hz. Statistical analyses revealed a main effect for 

Group indicating that the young adults performed with the lowest error of relative phase, 

followed by the older adults and then the individuals with PD [E (2,36) = 12.41, n < .05]. 

Main effects for compatibility Condition [E (2,36) = 34.88, n < .05] and Phase [E (2.36) = 

43.17, n < .05] were also significant. Muscular anti-phase was performed with 

significantly greater variability and inaccuracy than muscular in-phase and the 

incompatible conditi1)n was significantly less stable and less accurate than the compatible 

condition. A Group)!. Phase interaction [E (2,36) = 3.92, n < .05] indicated that muscular 

in-phase coordination was equally stable and accurate for all three participant groups but 

that muscular anti-phase performance was significantly less stable for the individuals 

with PD followed by the healthy older adults. A Condition x Phase interaction [E (2.36) 
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= 9.58, ~ < .05] showed that the stability and accuracy of both muscular in-phase and 

muscular anti-phase performance deteriorated with incompatible feedback. This overall 

analysis provides further support for the motoric basis of bimanual coordination for all 

three participant groups. Furthermore, the results suggest that muscular anti-phase is 

significantly more de~tabilized by visual feedback that is incompatible to the movement 

of the upper limbs than is muscular in-phase. 

Methodological shortcomings 

The present experiments may have only found weak support for the perceptual 

view of bimanual coordination due to methodological shortcomings. One shortcoming of 

the present experime:1ts was that proprioception from the upper limbs could not be 

eliminated. Several components of the methodology used in the current experiments were 

designed specifically to reduce the likelihood that participants would attend to the 

proprioceptive feedback. For example, participants were instructed and reminded 

throughout the expetiment to concentrate on coordinating the flags in in-phase or anti­

phase, no reference was made to the movements of the hands, and a cloth bib prevented 

participants from wf.tching the movements of their arms and hands. In addition, to change 

direction of the flag~;, participants did not physically come into contact with end points 

but instead relied or the 'in' and 'out' boundary markers. Despite these precautions, the 

friction from the slide apparatus and the end points of the linear movements may have 

directed the particiJ:ants' attention towards the proprioceptive feedback from the upper 

limbs. However, th(: specific results related to the visual information conditions suggest 
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that participants were :1ttending to the visual information. As well, participants indicated 

that they were attempting to achieve the visual goal. 

A final methodological factor was that the task may have been too difficult for the 

individuals with PD to perform. From an initial sample of 11 participants with PD, two 

were excluded from analysis because they were unable to coordinate the flags in the 

correct coordination pattern following the practice session. 

Future directions 

Future studie~ should address these methodological limitations in an attempt to 

provide support for the perceptual view of bimanual coordination. Although participants 

stated that they concentrated on the movement of the flags, in the current experiments, it 

was impossible to determine the proportion of time in which they actually concentrated 

on the flags. One method to overcome this problem would be to include a 'Focus of 

Attention scale' following the completion of each trial. On this scale, participants would 

indicate the proportion of time throughout the trial that they concentrated on the 

movement of the flags versus other aspects of movement production (e.g., proprioceptive 

information from th~ upper limbs). The methodology of future studies could also include 

a secondary percept tlal task designed to ensure that participants are focusing on the visual 

perceptual cues, the flags. Here, the flags would be replaced by light diodes. Participants 

would perform the bimanual coordination task as before; however, they would also be 

required to report when the colour of the diode changed. This adaptation would augment 

the degree of attent ton paid the to the visual cues. Considering individuals with PD are 
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dependent on visual information this adaptation may benefit performance of the intrinsic 

coordination patterns for this patient population. 

In the present experiment, the right flag was transformed by 180-degrees to the 

dominant, right hand, whereas the left flag and non-dominant, left hand were directly 

related. This particular transformation was in keeping with the methodology ofMechsner 

and colleagues (200 1 ). An extension of the present experiments would be to examine 

bimanual performance with a 180- degree transformation between the non-dominant, left 

hand and flag with no transformation between the right hand and flag. Right-handed 

participants attend more to their dominant, right hand than their non-dominant, left hand 

(Byblow et al., 1999; Peters, 1994 ). If there was a transformation with the left hand 

participants may be le:;s likely to concentrate on the incompatibly and instead may focus 

on coordinating the flHgs in visual in-phase or visual anti-phase. Consequently, the 

perceptual view of bimanual coordination may be supported with this methodological 

variation. A further e~tension of the present experimental paradigm would be to 

transform both the right and left flags by 180-degrees relative to the right and left upper 

limbs, respectively. In doing so, visual in-phase information would be provided during 

muscular anti-phase coordination and visual anti-phase information would be provided 

during muscular in-phase coordination. This modification may further dissociate the 

perceived movement direction of the flags from the movement ofthe upper limbs. As a 

result, the perceptual qualities of the movement may dominate muscular activity. An 

additional variation with individuals with PD would be to only examine participants with 

unilateral impairment (e.g., stage 2 ofthe Modified Hoehn and Yahr Staging Scale). 
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Using this population it would be possible to manipulate the side of flag transformation 

(i.e., a transformation ipsilateral or contralateral to the impairment) to determine when 

incompatible feedback destabilizes performance. 

The perceptual vit:w of bimanual coordination was only partially supported in the 

present experiments when bimanual movements were performed in the horizontal plane 

(parallel to the frontal plane of the body). However, it may be supported when 

movements are performed in the vertical plane (orthogonal to the frontal plane of the 

body). The allocentric reference frame of bimanual coordination suggests that 

movements that are made in the same direction are more stable than movements that are 

made in different directions (Bogaerts et al., 2002; Swinnen, 2002; Swinnen et al., 1997; 

Swinnen et al., 1998; Wt:nderoth & Brock, 2002). In the horizontal plane, visually in­

phase movements are mirror symmetrical but the flags move in different directions, 

whereas visually anti-phase movements are mirror asymmetrical but the flags move in the 

same direction. However, in the vertical plane, visually in-phase movements are mirror 

symmetrical and the flags move in the same direction, whereas visually anti-phase 

movements are mirror asymmetrical and the flags move in different directions. 

Consequently, visually in-phase coordination is most stable in the vertical plane, 

especially during a compatible condition when homologous muscle groups are activated. 

(Bogaerts et al., 2002; Swinnen, 2002). A recent experiment by Bogaerts et al. (2002) 

used a similar paradigm as the present experiments but with linear movements performed 

in the vertical plane. They found that regardless ofthe movement of the upper limbs 

performance was more stable with visual in-phase feedback than with visual anti-phase 
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feedback. These findings suggest that the visual perceptual information provided by the 

movement may have been important in determining the stability ofbimanual 

coordination. That is, regardless of the movement of the upper limbs, movements that are 

visually perceived to be mirror symmetrical are preferred over all other phase relations. 

In sum, the perceptual vi~w ofbimanual coordination may be supported if the present 

experiment was replicattd in the vertical plane. 

Conclusion 

In conclusion, tb~ experiments in this thesis strongly supported the motoric view 

of bimanual coordinatioa for individuals with Parkinson's disease and healthy, younger 

and older adults. Potential support for the perceptual view was obtained suggesting 

further investigation is warranted. These findings emphasize the importance of 

compatibility between upper limb coordination and visual feedback, particularly during 

muscular anti-phase coordination. 
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Appendix 

1. Handedness Ques·tionnaire (Bryden, 1977) 

2. Mini-Mental Status Examination (Folstein, Folstein, & McHugh, 1975) 

3. Unified Parkins{)n's disease Rating Scale (Fahn & Elton) 



BRYDEN'S MODIFICATION OF CROVITZ HANDEDNESS QUESTIONNAIRE 

Name Sex: M F Age: Date: 

Circle appropriate answer: 

Always use Usually use Use both Usually use Always use Don't know 
left hand left hand equally right hand right hand 

1) Writing 1 2 3 4 5 6 

2) Throwing 1 2 3 4 5 6 

3) Drawing 1 2 3 4 5 6 

4) Holding a 1 2 3 4 5 6 
nail to hammer 

5) Using 1 2 3 4 5 6 

scissors 

6) Using a 1 2 3 4 5 6 

toothbrush 

Handedness score I 



Mini-Mental Status Examination 

Name: ________ Age_ DOB ____ Place Seen. ___ _ 
Date: 
Ask patient: 
Name: -----

Maximum 
Correct 
Score 

5 

5. 

3 

5 

3 

9 

(30) 

Patient'~; 

Score 

DOB ______ Occupation. _____ _ 

ORIENTATION 
What is the-date ___ , day of the week,___ __ , month __ 

-season , year ____ _ 
Where are we? -name of province--:----' town'-----

-street , place , floor __ _ 

REGISTRATION 
Name 3 objects (HOUSE, TREE, CAR). Take 1 second to say each. 
Then ask the patient all 3 after you have said them. 
Give 1 point for each correct answer. Then repeat them until he 
learns all3. 
Count trails and record. TRIALS. _____ _ 

ATTENTION AND CALCULATION 
Serial7's. (100-7)=( )93=( )86=( )79=( )=72=( )65. 
1 point for each correct answer. Stop after 5 answers. (Alternatively 
spell "wor1d" backwards). 

RECALL 
Ask for the 3 objects repeated above HOUSE( ), TREE( ), CAR( ). 
Give 1 point for each correct. 

LANGUAGE 
Name a pencil and watch ( ) 2 points 
Repeat the following "No ifs, ands or buts." (1 point) 
Follow a 3 stage command: 
"Take a paper in your right hand, fold it in half, and put it on the floor" 
(3 points) 
Read and obey the following: "CLOSE YOUR EYES" (1 point) 
Write a sentence (1 point) 
Copy design (1 point) 

TOTAL SCORE 



Unified Parkinson's Disease Rating Scale 

I. Mentation, Behavior and Mood 

1. lntallocl•llllmpolrmont 
0 •None. 
1 • Mild. Consistent forgetfulness with partial recollection of 

eventa end no other difficulties. 
2 • Moderate rTW~mory loss, wltll di&Orlentatlon and moder· 

ate difficulty handllna complex problema. Mild but defl. 
nlte Impairment of function at home with need of occ&­
alonal promptine. 

3 • Severe memory lou with disorientation for time and of· 
ton to place. Severe Impairment In handline problems. 

4 • Severe memory lou with orientation pra5erved to parson 
only. Unable to make judeementa or solve problema. R&­
qulres much help with personal cere. Cannot be left alone 
at all . 

2. Thou&ht Dllorder (Out to dement/a or drut lntozlcotlon.} 
0 •None. 
1 • VIvid dreamlna. 
2 • 'Benlen· hallucinations with lnsleht retained. 
3 • Occaalonal to frequent hallucinations or delusions; with­

out lnaliht: could Interfere with daffy actlvltlea. 
4 • Perslatent halluclnatlona. de lusions. or norrld psychosis. 

Not able to cere for self. 
3. Deproulon 

0 • Not present. 
1 • Pertods of sadness or aullt areater than normal. never sus-

tained tor daya or weeks. · 
2 • Suatalned deprenlon (1 weak or more). 
3 • Sua tal ned depreulon with veaetative symptoms (Insom­

nia, anoroxla, welahtloss. loss of lnterut). 
4 • Sustained depression with vegetative symptoms and sui· 

cldal thouaht.s or Intent. 
4. MoUvatlon/lnltlatJvo 

0 •Normal. 
1 • L111 ouertivt than usual ; more passive. 
2 • Loss of lnltietiva or dlslntereatln elective (non-routine) &e· 

tivltiea. 
3 • Lou of Initiative or disinterest in day to day (routine) ac· 

\Jvftiea. · 
4 • Withdrawn, complete ion of motivation. 

II. Actlvltlaa of Dally Uvlnt (For both ·on· ond 'off. 'I 

6. Spaoch 
0 •Normal. 
1 • Mildly affected. No difficulty belna understood. 
2 • Moderately affected. Sometimes asked to repeat state­

rTWinta . 
3 • Severely effected. Frequently eakad to repeatstaterTWints. 
4 • Unlntelll&lblt most of tho time. 

8. Salivation 
0 •Normel . 
1 • Slliht but deftnite excess of sellve In mouth; may have 

nl&httime droollna. 
2 • Moderetely excessive saliva; may have minimal droollna. 
3 • Matl<ed exceu of sellve with some droollna. 
4 • Marked droollna. requires constant tissue or hendker· 

chief. 

7. Swallowln& 
0 •Normal. 
1 • Rare choklna. 
2 • Occasional choklne. 
3 • Requlrea aoft food. 
4 • Requires NG tube or eastrostomy fee dine. 

8. Handwrltlnll 
O•Normal, 
1 • SllihUy slow or small. 
2 • Moderately alow or small; all words are le&lble. 
3 • Severely affactad; not all words are legible. 
4 • The majority of worda are not leifble. 

9. CuttlnJ food and handline utensils 
0 •Normal. 
1 • Somewhat slow and clumsy, but no help needed. 
2 • Can cut moat fooda, althouih clumsy end slow; some help 

needed. 
3 • Food must be cut by someone, but can still feed slowly. 
4 • Needs to be fed. 

10. Dreaaln& 
O•Normel . 
1 • Somewhat slow, but no help needed. 
2 • Occasional assistance with button Ina. aettlna arms In 

sleeve•. 
3 • Considerable help required, but can do some thlnas alone. 
4 •Helpless. 

U. Hyclena 
0 •Normal. 
1 • Somewhat slow, but no help needed. 
2 • Needs help to shower or bathe; or very slow In hyifenlc 

cere. 
3 • Requires asalatance for waahln&. brushlni teeth, comb­

In& hair, &oJna to bethroom. 
4 • Foley cetheter or other mechanical aids. 

12. TurnlnJ In bed ·and adjustlnJ bed clothes 
0 •Normal. 
1 • Somewhat alow and clumsy, but no help needed. 
2 • Can turn 'alone or aQJust.aheete, but with are at dlfflculty. 
3 • Can Initiate, but not turn Ot a~ust ahaate alone. 
4•Helplell. 

13. l"alllnll (Untelattd to frflulnf.} 
0 •Nona. 
1 • Rare falllna. 
2 • Occasionally falls, less than once par day. 
3 • Fells en evaraae of once dally. 
4 • Fells mora than once dally. 

14. Fr11zln1 when walklna 
O•Nona. 
1 • Rare freellna when walklna: may have start-hesitation. 
2 • Occaalonal freezlna when walklna. 
3 • FreQuent fraallna. Occasionally falls from freezlna. 
4 • Frequent fells from freezlna. 

15. Walklnll 
O•Normal. 
1 • Mild difficulty. May not swine arms or may tend to draa ,.,. 
2 • Moderate difficulty, but requires little or no aaalstance. 
3 • Severa dllturbanca of walkln&. requlr1n& easlatanca. 
4 • Cannot walk at all, evan with assistance. 

16. Tremor (Symprom•rlc complllnl otrromor In •ny ~rr of body.} 
0 •Absent. 
1 • Slliht and Infrequently present. 
2 • Moderate; tothersome to patient. 
·3 ·• Severe; Interferes with many activities . 
4 • Marked; Interferes with most activities. 

17. Sensory complalnta related to parklnaonlsm 
0 •None. 
1 • Occaalonally has numbness, tlngllna. or mild achlne. 
2 .OFrequanUy has numbness, tinallna. or echlne: not distress­

Ina. 
3 • Frequent painful sensations. 
4 • ExcruclaUne pain. 

Ill. Motor l!xamlnatlon 

18. Speech 
0 •Normal. 
1 .. Sll&htlou of expression, diction and/or volume. 
2 • Monotone, slurred but understandable; moderately Im­

paired. 
3 • Marked Impairment, difficult to understand. 
4 • Unlntelllilble. 

19. Feclel EXpresalon 
0 •Normal. 
1 • Minimal hypomlmla, could be normal 'Poker Face· 
2 • Slliht but deftnltefy abnormal diminution of facial expres· 

alon 
3 • Moderate hypamlmla; lips parted some of the time. 
4 • Meaked or flxed facie a with severe or complete loss of 

facial expreaalon; lips parted 1/4 Inch or more. 
20. Tremor at r81t 

0 •Absent. 
1 • Slliht and Infrequently present. 
2 • Mild In amplituda and paralatant. Or moderate In amplf. 

tude, but only Intermittently present. 
3 • Moderate In amplituda and pruant moat of the time. 
4 • Marked In amplitude and present most of the Ume. 

21. Actl~n or Postural Tremor of hands 
O.iAbsent. 
1 • Slliht: preaent with action. 
2 • Moderate In amplituda, preaent with action. 
3 • Moderate In amplitude with pasture holdlna as well as ac· 

tion. 
·4 • Marked In amplituda; Interferes with fee dina. 

22. Rl&ldlty (J!Jdltd on ~,.lw rTIOI'Otnent of m-'or }olnll with ~!lent 
rtlued In al!tlnt 1>01/tlon: ltnor• colfWIIttllnt./ 
0 •Absent. 
1 • Slliht or detectable only when activated by mirror or oth-

er movements. 
2 • Mild to moderate. 
3 • Marked, but full ranee of motion easily achieved. 
4 • Severe. ranee of motion achieved with dlfflculty. 

23. Fln*er Tapa (PeUontlllll l/lr.mb wtt/1 /IIO.x flnttr /11 rt{Jid auccu· 
sion w1111 wia.ll Mfll)ll!udo pass/ble. eec/1 hind NI>MIItl)'./ 
O•Normal. 
1 • Mild slowlna and/or reduction In ampl!\•ode . 
2 • Moderately Impaired. Definite and early fatieulng. May 

have occasional erreata In movement. 
3 • Severely Impaired. Frequent healteUon In Initiating move­

menta or arreate In oneolna movement. 



4 • Can barely perform the task. 

24. Hand Movamanta (P1Uonr o~n• IJI"Id closes hands In "Pid suc­
c.ulon wllh wld.,l Mnt>/ltudo poulblo. oiCh hind u-.to/y.} 
0 • Normal. 
1 • Mild alowln& and/or reduction In amplitude . 
2 • Moderetely Impaired. Definite and ear1y fetl&uln&. May 

have occasional arrests In movement. 
3 • Severely Impaired. FreQuent hesitation In lnltlalin& move­

manta or arreall In onaoln& movement. 
4 • Can barely perform the task. 

25. Ropld Altamotln' Movomonll of Hands (Pr"onotlon-sup/norlon 
moYWmentJ of Mndt, \IWttlcllly or hotllont1lly. wllh •• l•rt• •n ''"" 
p/ltudo ., -lillr., tttCIJ hand u-all/y.} 
0 •Normal . 
1 • Mild olowln& and/or reduction In amplitude. 
2 • Moderately Impaired. Den nita and oar1y fatl&uln&. May 

hove occulonaJ arruta In movement. 
3 • Severely Impaired. Frequent hoaltation In lnltlatin& mov• 

menta or arrtsta In on&oln& movement. 
4 • Can barely perform tho teak. 

28, Loa Aafllty (Pau.nt llpo hHI on IIOund In rapid IUCC.IIIon, p/cJ<· 
1111 up anUt• ,.,. NnpJnoxJo should~ about 3 lnchls.J 
0 •Normal. 
1 • Mild alowln& and/or reduction In amplituda . 
2 • Moderately Impaired. Oenntte and ear1y fatl&ulna. May 

hove occulonal arreata-ln movement. 
3 • Severely Impaired. FreQuent haaltation In lnltiatln& move­

manta or arrest~ lnonaoln& movement. 
4 • Can barely perform the teak. 

27 Arlsln' from choir (PoUonr ortompll to Ill•• from • otroltht·~ocJ< 
M>Od fX 11>1101 cM/1 W/lh lfml ft>I<Md ICIOU ChUI.} 
0 •Normal . 
1 • Slow; or may need more than one attempt. 
2 • P\Jshea wlf up from arms of seat. 
3 • Tends to fall back and may have to try more than one time. 

but can &et up without help. 
4 • Unable to arise without help. 

28. Poature 
0 • Normal oract. 
1 • Not QUite erect . sll&htly stooped posture ; could be nor· 

mal for older person . 
2 • Moderately stooped posture. definitely abnormal; can be 

sii&MUy leantna to one aide . 
3 • Severely stooped posture with kyphosis; can be modar· 

ately letnln& to one aide. 
4 • Marked nexJon with erueme abnormality of posture . 

29. Oolt 
0 •Normal. 
1 • Walka alowly. may ahutne with short steps, but no fest~ 

naUon (haa!Jnlna atepa) or propulalon. 
2 •Walka with difficulty. but reQulreallttle or no aaalatance; 

may have acme foatlnetlon, ahort atepa, or propulalon. 
3 • Severe dlaturbance of aelt, rtQulr1n& aaalatance. 
4 • Cannot walk at all , even with eulatance. 

30. Poatwal Stability (Riai)OfWato svddan, •lt0t11 postorlor dlspllc• 
mont ~ ey pull 011 lhoui<Mra wtlllo pot/onl atee~ with .,.., 
opon and 1111 11/1111/y IIWf. P1Uontl1 PfiPifld, lnd can how hod 
so, pr~CU« """·I 
0 • Normal. 
1 • Retropulalon , but recovers unaided. 

2 • Absence of posturalreaponsa; would fall If not cau&hl by 
examiner. 

3 • \lary una table, tenda to lou balance apontaneously. 
4 • Unable to stand without ualat.ance. 

31. Body Dl'lldyklneala and Hypoklneala {Combln/.nt s/olwleu, l>u~ 
IW>Cy. dKte..,d .,.,.,/ttl. am.U llfV)IJ!udl, and po.,.tty of tnc>W­
montln ftnetal.} 
0 •None. 
1 • Minimal alowneaa, elvin& movement a deliberate charac· 

ter; could be normal for some peraona. Poaalbly reduced 
amplitude. 

2 • Mild decree of alownesa and poverty of movement which 
Ia deftnl!Jiy abnormal. AJtemaUvely, some reduced am-
plitude. ' 

3 • Moderate alownen, poverty or amall amplitude of move­
ment. 

4 • Marked alowneas. poverty or ameli amplitude of mov• 
ment. 

IV. CQmpll~ona of Therapy fin 11wr ,.., .,..,I<. I 
A. DYIKINESIAS 

32. DuraUon: What proportion of the waking day are dyaklnoa­
lu pr ... nt1(H11!4rlullnlonn8tJon.J 
0 •None 
1 •1-2&% of dey. 
2•2~of"day. 
3 • &1-7&% of dey. 
4 • 7&-~ of day. 

33. Dlublllty: .How dl,lablfnl are the dyaklnealaa? {HIItorlclllt> 
lbnNIJOII; INy k modl,.d by otnc. 1U1111Mtlon.] 
0 • Not dlaeblln&. 
1 • Mildly dlaablln&. 
2 • Modera!Jiy dlaablln&. 
3 • Severely dlaabllnc. 
4 • Completely dlaabled. 

34. Painful Dyaklnealu: How painful are the dyaklnealaa? 
0 • No painful dyaklnealu. 
1•Slllht. 
2 • Modera!J. 
3 •Severe. 
4 •Marked. 

35. Prewnca of Early Mornln' Dyatonla (HIIItXkollnft>ttMtlon.] 
O•No 
1•Yaa 

B. CUNICAL FlUCTUATIONS 
38. Ala any •off" ~rloda predictable aa to Urn In' alter a doae 

of madlcaUon? ·. 
O•No 
1•Yaa 

37. Are anr•of,. perloda unpredlotabla aa to tlmlnC alter a 
doae o medication? 
O•No 
1•Yoa 

38. Do any of the "off" perfoda come on auddenly, •·•·• over a 
few aaconda? 
O•No 
1•Yta 

39. What proportion of the waking day Ia the patient •off" on 
averaa•? 

0 • None 
1 •1-25% of day. 
2 • 26-50% of day. 
3 •51-75% of day. 
4 • 76-100% of day. 

C. OTHER COMPUCATIONS 

40. Dou the patient have anorexia, nauau, or vomltlnt? 
O•No 
1•Yes 

41. Dooa the patient hove any a leap dlaturbancea, e.g., lnaom­
nla or hyperaomnolence? 
O•No 
1•Yea 

42. Do .. the patient have aymptomatlc orthoatltla? {RtiCOid 
lhl Pll~nl 'l blood PfiiiUtl, M/1111 and .,../till on lhl scontw lonn.} 
O•No 
1•Yea 

V. Modlft~ Hoehn and Yahr Sta~nt 

lt.c• o No al&n• cf dlauao. 

lt.lt 1 Unlltlorol dl11111. 

St.co 1.1 Unllatoiol plus uJol lniiONomen~ 

ltaco 2 Bltatoral dl11111, wltllout lrrc>a!tment of ba'-"CC. 

lt.co 2.1 Mild bllatorot dlalue, wllll rocoYety on pull tea~ 

lt.co 3 Mild to moderote bUatorol dlaoaae; aomo ooah ... l 
lnattblllty; physically lndeoendont. 

I taCt 4 S....ro dlallblllty; aUU able to wolk 0< at.nd 
unualatod. 

lt.co 1 Wheolcholr bound 0< bedridden unleu tldod. 

'JI, Schwab and En~and ActlviUea of Dally Uvlnt Scala 
tn II O.K. to 1111c11 n~mMr In blfwpan lhl doflfll!lolll.} 

100" Completely lndtoendl!lt. Able to do all cho<ea without aJow. 
neu. dKflcultyor Impairment. !aNnUally normal. UnHart 
of arry difficulty. 

lOll Completlly lndopondont. Able to do Ill choroa with 1011>1 
de&rOI of alowneu, difficulty and ~troa~rment. M!ihl t.kAI 
twice u lonl. Be&lnnlniiD ~ ..,.,, of dh flculty. 

10" Compler.ly lndtoendent In rrcll cho<oa. Takas twlot 11 
len&. Conscloua of difficulty and atowneu. 

10" Not completely lndeoarodent. Mote dlfflculty with 1011>1 
cho<ll. Tlv011D leur Umlt II tone In ......... Muat IOind I 
tar co part of the day wtth cho<oa. 

eo" Some dependency. Can do moat cho<oa. but axceedirCIY 
alowly and wtth lftlch elftXt. l:rrora: ..,..... tmpoulble. 

1011 Mote dependent. Help with haH or cho<oa. alowor, otc. 01~ 
flculty with ,.,..r)'llllr4. 

4011 \lory deoendon~ Con asalat with Ill chorea. but fM alone. 

30" With offO<t. now and then doea a fww cho<oa alone or"-" 
11na alone. Much Mlp nHdod. 

20" Nothln& olono. Con be 1 olleht hllp with 1011>1 choru. 
S....re Invalid. 

1011 Totally deoendont. helptua. Completolnvalld. 

o" lll&otlllvo luncUona auch 11 aweiiQwtnC. bladder and bowl! 
function~ aro not functlonln&. Be<kldden. 




